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ABSTRACT
Understanding how organisms utilize and interact with habitat features may improve
predictions of habitat preferences and species interactions, and may assist in the development of
conservation and management strategies. The architecture of a habitat provides a complex array
of structural features that influences interactions between the abiotic and biotic factors, and
impact the biodiversity and species abundance through altering recruitment patterns and the
survival of associated fauna. Characterizing potential refugia however has been challenging with
minimal attempts to measure interstitial space size and abundance in reef systems. Here, I
present novel methodology utilizing 3D technology to characterize interstitial spaces within
oyster habitats and compared the effects of interstices and standard measures of habitat
complexity on the macroinvertebrates residing in the oyster habitat.
Natural oyster clusters (~225 cm2 each) were collected from the field and threedimensionally (3D) recorded with both computed tomography (CT) and surface laser scanners.
Resultant 3D models were rendered in Geomagic® Studio software. The abundance and size of
interstitial spaces were determined within each cluster from models of the two 3D capture
techniques. Both 3D scanning techniques had strong agreement of volume measurements for the
same space between scan types (r = 0.974; p < 0.0001) and precision of at least 90%. Slight
variation in the abundance of interstitial spaces was noted between scanning approaches, as CT
3D imaging better captured larger interstitial spaces.
To determine the relative contribution of different structural components as descriptors of
oyster habitat complexity, the 3D models of oyster clusters (above) were examined to collected
vi

metrics of 1) interstitial space size: mean, maximum, and total interstitial space volume, and
interstitial space abundance and 2) commonly utilized metrics of complexity: rugosity, fractal
dimensions, surface area, and abundance of structural components of the oyster clusters.
Comparison of the interstitial space metrics to those of surface area for the set of oyster clusters
revealed a strong contribution of interstices to the overall complexity of oyster architectural
structure. When the both space and surface area metrics were considered together in a principal
components analysis they collectively explained ~ 73% of the variation of the data. All
macroinvertebrates were collected from the oyster clusters to examine the potential relationship
between the complexity metrics and the mobile (decapod and gastropod) or sessile (bivalve)
macrofaunal abundance collected from the clusters with interstitial space and surface area
metrics were inconsistent. Significant negative associations based on Pearson correlations were
noted between decapod abundance and the number of oyster shells and total interstitial space
volume were observed. These negative relationships do not support an expected strong positive
effect of interstitial space volume on the abundance of decapods nor measures of surface area
having a strong positive effect on sessile bivalve species and more extensive surveys were
necessary.
To further explore the relationships between macroinvertebrates and habitat complexity,
a manipulative field experiment using artificial oyster habitats was conducted. Specifically, how
measures of habitat complexity change over time and the effects of those changes on the
associated macroinvertebrate fauna in oyster habitats were examined. The incorporation of 3D
technology and the manipulative field experiment enabled the detection of an increase in
artificial oyster habitat surface area by 60 – 71 % within an 8 month period. During that time
interstitial space volume decreased between 3 – 34%. Three invertebrate taxa: barnacle, oysters,
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and decapods were examined to determine the effects of habitat complexity on their abundances.
Barnacle, oyster, and decapod abundances all had positive relationships with surface area.
Barnacles and decapods had a positive relationship to interstitial space volume, though their
responses varied with time. A positive relationship was noted between barnacles and interstitial
space volume within a 4 month period although after 8 months that relationship was no longer
significant. The relationship between interstitial space volume and decapod abundance was only
significant after 8 months. No significant effect of interstitial space volume on oyster abundances
was detected. While surface area metrics remain important features of a habitat, this study
demonstrates in detail how interstitial space size and abundance add to the architectural
complexity of habitats and suggest that such metric should be incorporated into future studies.
Combining 3D methodology workflow presented here with existing metrics of habitat
complexity may provide additional insights into specific habitat architectural features that
influence community development, composition, and species interactions. Our estimations of
interstitial spaces enhance the currently utilized procedures for measuring habitat complexity and
because the generation of 3D models is nondestructive, use of these approaches present an
opportunity to quantify habitat structural changes over time. Measures of interstitial space
volume and abundance expand the list of metrics describing habitat architecture and may
represent potential refuge availability within a habitat. These findings highlight the importance
of the interstitial spaces formed by varying structure components, and the response of the
dominant invertebrate taxa to these spaces within an oyster reef system. Specifically, this is the
first study to document the change in interstitial space volume through the colonization of sessile
species. The use of oyster clusters and 3D modeling and analyses provide a pathway by which
interstitial space volume can be assessed. Evaluating the effects of complexity, primarily the
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effects of interstitial spaces in reef habitats, may provide insight into more effective ways of
maintaining existing reefs and restoring or rehabilitating damaged reef systems.

ix

CHAPTER 1: INTRODUCTION

1.1

Overview of Habitat Complexity
The influence of habitat structure on community composition is of particular interest in

ecological studies. Structural features of the habitat or “architecture” provide surface area, vertical
relief (height off the bottom), surface rugosity (topographical variations), and interstitial spaces or
crevices for inhabitants, all which contribute to the “habitat complexity”. By characterizing habitat
features, predictions of community response to habitat change are developed to model ecosystem
level (Alvarez-Filip et al. 2009, Roth et al. 2018) to species-specific (Lichtenstein et al. 2019,
Fordyce et al. 2020) consequences of such changes. Quantitative investigation and the evaluation
of habitat complexity may inform on the interactions between abiotic and biotic factors (VerdiellCubedo et al. 2012, Hill et al. 2014, Ciuti et al. 2018), that impact biodiversity and species
abundance (St. Pierre and Kovalenko 2014, Seinor et al. 2020), and assist in the development of
conservation and management strategies (Kovalenko et al. 2012, Akers et al. 2013, Darling et al.
2017, Ceccarelli et al. 2020).
Habitat complexity in terrestrial and aquatic environments has been explored to understand
better the relationship between architectural features of a habitat and associated faunal
assemblages (Jung et al. 2012, Rees et al. 2014, Rende et al. 2015, Ferrari et al. 2016, Ciuti et al.
2018). Habitat complexity has been shown to shape ecological communities by influencing species
recruitment and survival (Kovalenko et al. 2012, Carroll et al. 2015). (Cruz Sueiro et al. 2011)
demonstrated that habitat complexity significantly that the relative abundance and distribution of
1

invertebrates in a variety of marine habitats. Some studies suggest habitat complexity operates
most importantly during the early stages of community development (Smith et al. 2014).
Specifically, increases in faunal recruitment and individual population densities may yield greater
local species diversity and richness, suggesting a positive relationship between habitat complexity
and species diversity. Tews et al. (2004) suggested that the complex architecture of a habitat offers
an array of microhabitats thereby supporting greater local species diversity. In particular, the
provision of additional niche spaces and refuges (Luckhurst and Luckhurst 1978, Cruz Sueiro et
al. 2011) may underlie the positive relationship observed between habitat complexity and species
diversity. The positive correlation between greater habitat complexity and increased local species
diversity has been shown for a diverse group of taxa including birds (Macarthur and Macarthur
1961), mammals (August 1983), fish (Carleton and Sammarco 1987) and macroinvertebrates
(Heck and Wetstone 1977).
The positive relationship between species abundance or diversity and habitat complexity,
linked to refugia offered by structural features of a habitat, has been frequently investigated. Byers
et al. (2017) demonstrated that the matrix of piled oyster shells provided mud crabs refuge from
blue crab predators. Ware et al. (2019) found that filamentous macroalgae supported a greater
abundance of invertebrates than branched macroalgae most likely due to the difference in the
number of potential refuge spaces. In most cases, as complexity lessens predation pressure on prey
utilizing refugia. The efficacy of refuges in complex habitats is dependent upon the behavior of
both predator and prey species and some studies report that a higher abundance of refuges available
in complex habitats may reduce intraspecific competition between prey species through the
reduction of their activity (Babbitt and Tanner 1998). Prey species may become less likely to
forage in complex habitats due to the increase of visual barriers created by the complexity
2

(McCormick and Lonnstedt 2013). Prey reluctance to forage actively in complex habitats could
lead to lower predator foraging success (Heck and Crowder 1991, Beukers and Jones 1998, Canion
and Heck 2009, Moore and Hovel 2010) and efficiency (Mattila 1992, Tupper and Boutilier 1997),
and potentially improve prey survival. In contrast, a few studies indicate complexity might
improve predation efficiency through the failure of the prey to escape (Drolet et al. 2004) thereby
indicating the need to consider both prey and predator behavior in evaluating impacts of habitat
complexity on fauna assemblages.
In marine environments relationships between fauna and habitat complexity have been
widely studied in seagrass (Heck and Wetstone 1977, Moore and Hovel 2010, Leslie et al. 2017)
corals (Alvarez-Filip et al. 2009, Eggertsen et al. 2020, Torres-Pulliza et al. 2020) and oyster
(Grabowski et al. 2005, Hill and Weissburg 2013, Margiotta et al. 2016) although the structural
elements and architectural features of the three biogenic habitats are considerably different in size,
flexibility, and rate of production of new structure. As result of the variety in habitat types, some
studies have attempted to create (Bartholomew 2002, Wong 2013) or utilize an index (St. Pierre
and Kovalenko 2014) that may not fully capture the complexity of the habitat by measuring a
single aspect of the habitat, using 2D quantification methods (i.e., linear distances) and may be
dependent on the spatial scale of the habitat in question (Bell et al. 2003). In all cases,
measurements of habitat complexity have embraced some measure of surface area as a descriptor
of habitat complexity as most are relatively simple to obtain (Dustan et al. 2013, Trebilco et al.
2015). Capturing the complexity of a marine benthic habitat can be logistically difficult to
accomplish because of environmental conditions such as the accessibility of the target habitat
features and the challenges of conducting often small scale (mm) measurements under water.

3

In this dissertation I focus on the architectural complexity of oyster reef habitats utilizing a novel
approach for quantifying the structural features of this biogenic habitat with an emphasis in
isolating interstices within the habitat architecture. Below I provide background on the ecology of
oyster reefs and previous studies conducted on habitat complexity of oyster reefs and summarize
the main objectives and outcomes from my investigations.
1.2

Introduction to Crassostrea virigincia, the Eastern Oyster
Oyster reefs are essential habitats in estuarine systems providing numerous valuable

ecosystem services (Luckenbach et al. 2005, Coen et al. 2007). Eastern oyster, Crassostrea
virginica (Gemlin, 1791), populations span the West Atlantic and Gulf of Mexico coasts from
northeast Canada to Venezula (Rothschild et al. 1994) forming complex reef ecosystems. Spanning
from local to regional services, oysters may reduce shoreline erosion (Scyphers et al. 2011) and
encourage salt marsh growth (Chowdhury et al. 2019), sequester carbon (Volety et al. 2014, Fodrie
et al. 2017), enhance water quality through filter feeding (Coen et al. 2007, Volety et al. 2009, zu
Ermgassen et al. 2012), and provide habitat for a suite of resident and transient species (Grabowski
et al. 2005). Complex biogenic habitats have been demonstrated to promote species abundance
and biodiversity in marine habitats (Kingsley-Smith et al. 2012, Karp et al. 2018, Leclerc and
Viard 2018). As oysters, or other autogenic structural components grow, the interstitial space sizes
may become larger and the structural units may become more expansive providing access for larger
organisms to utilize the habitat. Evaluating faunal response to changing interstitial volume as
outlined above can be best accomplished by investigations whereby interstitial space is
experimentally manipulated and faunal response recorded. Intertidal oyster reefs provide an
opportunity to further investigate the relationship between habitat complexity and species
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interactions as the reefs provide complex architecture, which supports a diverse community
(Grabowski and Powers 2004, Boudreaux et al. 2006, Schulte et al. 2009).
Oyster reefs are declining worldwide with an estimated global loss of 85 – 88% (Beck et
al. 2011, zu Ermgassen et al. 2012). The removal of the hard bottom habitat provided by oyster
reefs results in a loss of suitable substrate and habitat complexity not only for the oyster reefs to
persist to support the diversity of the associated reef fauna (Airoldi et al. 2008, Gillies et al. 2020).
Declines in oyster reef structure were attributed to overharvesting (Coen et al. 2007, Beck et al.
2011), changes to hydrology (Rothschild et al. 1994, Lenihan and Peterson 1998, Volety et al.
2014) and reef burial (Caretti et al. 2021). The change in the physical architecture of oyster reefs
results in a loss of reef complexity and the reciprocal loss of additional oyster recruits and
biodiversity (Lenihan and Peterson 1998, Lenihan 1999, Gillies et al. 2020). Evaluating the effects
of complexity, primarily the effects of interstitial spaces on the colonization of oyster reefs, may
provide insight into more effective ways of maintaining existing reefs and restoring or
rehabilitating damaged reef systems.
Species within oyster reef communities respond positively to added complexity with
enhanced species abundance and richness, and oyster recruitment and survival (Meyer and
Townsend 2000, Grabowski et al. 2005, Schulte et al. 2009). Bartol et al. (1999) report increased
recruitment and survival of oysters on intertidal reefs as the interstitial spaces of the complex reefs
offer protection from environmental threats (desiccation and ice scour) and refuge from predation.
The reduction of predation pressure on oysters in complex habitats may be due to changes in
predator behavior (Grabowski 2004), predator-prey encounter rates (Grabowski and Powers 2004,
Grabowski et al. 2008), or predator accessibility (Hill and Weissberg 2013). Increased complexity
reduces oyster mortality as the interstices limit predator access (Grabowski et al. 2008); however,
5

the size limitation is dependent upon the predator size (Bell et al. 1991, Humphries et al. 2011,
Hill and Weissberg 2013, Toscano and Griffen 2013) and its ability to access the refuge space.
Previous studies examined the effects of complexity on inter- and intraspecific interactions and
community development in oyster reefs through a variety of methods, though most studies suggest
the importance of interstitial spaces without further investigation.
Evaluating the effects of habitat complexity in oyster systems is frequently executed by
piling oyster shell cultch in specific study areas, effectively increasing the surface area and
topographic relief (Grabowski 2004, Grabowski and Powers 2004, Grabowski et al. 2008,
Humphries et al. 2011, Hill and Weissberg 2013), and perhaps increasing available surface area
and interstitial spaces (Meyer and Townsend 2000). Studies investigating in the influence of
increasing complexity in oyster reef communities focus primarily on oyster mortality as a result of
predator-prey interactions, and/or abundance (Grabowski 2004, Grabowski et al. 2008, Hill and
Weissberg 2013) and diversity of associated species (Grabowski et al. 2005) but did not quantify
the effects of interstitial space abundance or size on these interactions. Overall, a positive
correlation is observed between complexity and developing oyster communities, as well as
modifications in interspecific, primarily predator-prey, interactions within oyster habitats.
Although evidence suggests that increasing complexity enhances local species diversity and
reduces oyster mortality through the provision of refuges, the role of interstitial space size and
abundance remains poorly addressed.
1.3

Dissertation Outline
The overall goal of this dissertation is to demonstrate the value of incorporating measures

of interstitial space into the assessment of reef habitat complexity. Methods for quantifying
complexity are diverse, but typically depend upon the spatial scale of the measurements made
6

(McCoy and Bell 1990, Bell et al. 2003) and only included a few metrics of complexity (e.g.
abundance or surface area) without including a measure of refuge or interstitial spaces. Measures
of architectural complexity typically include a metric of surface area or topography: rugosity
(Luckhurst and Luckhurst 1978) and vertical relief (Toohey 2007), but do not account for the
number or size interstices (refuges). Although several studies across multiple habitats employ a
variety of methods to determine architectural complexity, current methods of measuring
complexity overlook or misrepresent the three-dimensional interstices underestimating the
potential value of interstitial spaces as refuge and as a contribution to the overall architectural
complexity of a habitat. The interstices created by the structural components of the reef provide
habitable space for settlement (Bartol et al. 1999, Meyer and Townsend 2000) or predator
avoidance (Crowder and Cooper 1982). The current methodologies in measuring complexity
overlook the quantification of interstices and their direct effect on species abundance and
community structure. To overcome the limitations of the previous methodologies of capturing
habitat complexity, I conducted three studies to address the knowledge gap.
The focus of the first study was to develop novel methodology utilizing 3D technology to
quantify the interstitial spaces within structured habitats. To accomplish this objective, natural
oyster clusters were collected and their architecture was documented with a surface (laser) and
computed tomography (CT) scanners. 3D models of the clusters were generated to extract the
number and size (volume) of each individual interstitial space within each cluster. Interstitial space
size and abundance of each cluster was compared between both CT and laser generated models.
The digital 3D models allowed non-destructive manipulation of the natural oysters enabling the
quantification of the size distribution of interstices throughout the clusters without damage to the
natural cluster. This is the first study to successfully evaluate interstitial spaces within biogenic
7

habitats in a 3D way and the volumetric data adds to the current methodology of characterizing
habitat complexity.
The development of the 3D technique to extract information on the interstices within oyster
clusters enabled a comparison between the effects of interstitial space metrics and the measures of
complexity typically utilized on the macroinvertebrate fauna residing in the oyster cluster habitat.
Common methods used to quantify complexity via surface irregularity or rugosity are the chainand-tape method or a profile gauge with fractal geometry. Used to measure surface rugosity (SR),
the chain-and-tape method originally developed by Risk (1972) and later modified by Luckhurst
and Luckhurst (1978). , Luckhurst and Luckhurst (1978) describe the chain-and-tape method as
capturing only the surface area and not heterogeneity. Tupper and Boutilier (1997) add that
rugosity does not account for interstice size or abundance. Although Sherman et al. (2002)
demonstrate that increases in surface area result in greater species diversity and richness, measures
of surface area might not capture the actual refuge aspect of the habitat, but merely the amount of
available substrate. The surface rugosity methods may provide valuable information regarding the
topography of a hard-bottom habitat, but do not inform of the spatial arrangement of the structures
or convey the amount of interstices or habitat heterogeneity, which ultimately dictates the refuge
availability within habitat. The 3D data acquisition techniques described in the first study were
employed in the second study on additional oyster clusters. In addition to measures of interstitial
space size and abundance, fractal dimension, surface rugosity, and the number of structural
components (i.e. oyster shells) of each oyster cluster was obtained for evaluation. All complexity
metrics of surface area and interstitial space were combined to test for redundancy, and those
metrics that were highly correlated or of low contribution to variability in the data via PCA, were
excluded from analyses. Once the complexity metrics were reduced into first and second principal
8

components (PC), the response of three macroinvertebrate taxonomic groups were tested against
the complexity PCs to determine the relationships between measure of complexity and the three
major taxa.
Measures of habitat complexity should not be reduced to a single value or metric. The
characterization of interstices within clusters added to the existing metrics of complexity and were
associated with two of the three taxonomic groups assessed in the second study. An additional
benefit of 3D scanning the oyster clusters was the provision of a digital archive. The 3D archive
may provide a reference point to allow the quantification of changes in habitat over time. A
manipulative field experiment was performed over an 8 month period to measure the changes in
artificial oyster habitat (AOHs) over time and to determine the relationship between artificial
oyster habitat architecture and the macroinvertebrate community. The AOH architecture consisted
of small (100cm2) concrete bases with eight artificial oyster shells. The fixed number of artificial
oyster shells provided control over the initial surface area of each AOH. Variability in architecture
was generated by altering the shell orientation on the base, creating three unique AOH treatment
types: horizontal only shells, vertical only shells, and mixed shells where four shells were
horizontal and four were vertical. The arrangement of the shells was similar across all AOH
treatments, though the shell orientation created two unique types of interstices: horizontal spaces
(spaces underneath the horizontal shells) and interstitial space (spaces in between shells). The
number of horizontal spaces corresponded to the number of horizontal shells, though the space
size (volume) was the same for both horizontal and mixed shell AOHs. All AOHs had one
interstitial space; the ranking of interstitial space volume was: horizontal < mixed < vertical shells
treatments.
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After 4 and 8 months of colonization, AOHs were retrieved from the field and the AOH
architecture was documented via CT scans. Changes in three complexity metrics: surface area,
horizontal space volume, and interstitial space volume were assessed for each AOH treatment type
at both times. The effects of AOH treatment type and time were tested on the complexity metrics
and the macroinvertebrate fauna. Further, the relationships between the macroinvertebrate fauna
and the complex metrics were analyzed. The third study provided an example of how interstitial
space size (i.e., volume) influences associated macrofauna and is the first experimental
investigation to utilize 3D methodology to capture changes in metrics of habitat complexity
expressed as interstitial space over time.
1.4
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CHAPTER 2: UTILIZING 3D TECHNOLOGY TO BROADEN MEASUREMENTS OF
HABITAT COMPLEXITY: QUANTIFYING INTERSTITIAL SPACES IN
STRUCTURED HABITATS

2.1.

Introduction
Habitat characteristics are of particular interest in ecology as they shape the physical

ecosystem and dictate community composition. It is through the characterization of habitat
features that predictions of habitat preferences and species interactions evolve (Forrester and
Steele 2004). In marine systems, habitat characterization has been employed to map potentially
suitable benthic habitats (Haag et al. 2008), monitor the effects of environmental changes within
the ecosystem (Ferrari et al. 2016), and assess the impacts of disturbances (Kostylev et al. 2005).
Interest in classifying the complexity of marine benthic habitats developed as researchers
looked to describe the nature of habitat-organism associations. As the physical structure of
habitats becomes more complex, as in reef or mangrove systems, an array of microhabitats are
created that has been linked to increasing local species diversity (Tews et al. 2004, Warfe et al.
2008, Kamal et al. 2014). Additionally, structurally complex habitats have been reported to
enhance species recruitment (Carleton and Sammarco 1987, Bozec et al. 2013) and survival
(Carroll et al. 2015), thus resulting in higher population densities (Beck 2000) through the
provision of additional refuges from predation (Luckhurst and Luckhurst 1978, Cruz Sueiro et al.
2011) or physical stress (Bartol et al. 1999). Indeed, determining the specific features of a
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habitat that underlie increases in population abundances or greater diversity of species has been
an active area of research.
Various methods to characterize microhabitats and/or quantitatively describe structural
features of a range of benthic habitat types have been employed in studies examining habitat
complexity. Across the studies (cited above) structural features selected for measurement
including surface area, vertical relief (height off the bottom), surface rugosity (topographical
variations), and interstitial spaces (holes) – all which represent varying aspects of the habitat to
which organisms may respond. Previous measures of habitat complexity per se have been
restricted to features that are comparatively simple to obtain, such as surface area or topography
(i.e., rugosity, Luckhurst and Luckhurst 1978), vertical relief (Schulte et al. 2009), and/or overall
volume of a structural element (Grabowski et al. 2008). Such quantifications are widely utilized
as they require minimal equipment to obtain metrics that describe the features of interest.
Capturing the complexity of a marine benthic habitat can be logistically difficult to accomplish
because of environmental conditions such as the accessibility of the target habitat and the
challenges of conducting often small scale (mm) measurements under water. Unfortunately,
simpler measurement techniques may not portray the complete array of habitat complexity in
marine benthic systems.
The recent integration of image-based technology to generate 3D habitat models enabled
more comprehensive studies of habitat complexity. The production of 3D models allows the
capture of multiple features (e.g., rugosity and surface area) (Figueira et al. 2015, Fukunaga et al.
2019) as well as overall volume (Reichert et al. 2016) of a habitat structure. For example,
photogrammetry (Kalacska et al. 2018), surface laser scanners (Raz-Bahat et al. 2009, Reichert
et al. 2016), and CT scanners (Naumann et al. 2009, Gutierrez-Heredia et al. 2015) have been
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utilized to generate 3D models of selected habitat surfaces that may influence species abundance
and diversity. However, to date the complexity metrics utilized widely across such studies
remain largely unchanged (Burns et al. 2015, Ciuti et al. 2018) and continue to focus on
measurements of surface area or total volume. An accounting of the individual interstitial space
size or abundance that is produced by the arrangement of structures (Tupper and Boutilier 1997),
however, remains elusive despite its contribution to the overall architectural complexity of a
habitat. Direct measures that quantitatively characterize interstitial spaces within habitats would
add a new perspective on aspects of habitat architecture and habitat use by species preferring
refugia of different sizes. The inclusion of a metric of interstitial spaces to commonly employed
habitat metrics should be considered in discussions of community structure and population
density, maintenance of biodiversity, and ecosystem productivity and function. Indeed, such
interstitial spaces may be present in a variety of benthic habitats in aquatic settings and have
been invoked to explain species abundance and diversity patterns (Gratwicke and Speight 2005,
Wong 2013, St. Pierre and Kovalenko 2014).
The objective of this study was to utilize 3D imaging techniques to measure interstitial
spaces by developing methodology to assess quantitatively the spatial characteristics of
interstices found within oyster clusters. The eastern oyster, Crassostrea virginica (Gemlin 1791),
a foundation species, form complex biogenic reefs from aggregations of paired shells that radiate
outward from a horizontal plane at a variety of angles (E. Salewski, personal observation)
thereby creating an ideal system with which to examine the interstitial spaces formed by the
species. Oyster systems often occur as reefs that provide complex architecture to support a
diverse community structure of associated invertebrates and fishes (Boudreaux et al. 2006) and
have been suggested to increase refuge availability through the formation of interstitial spaces
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(Meyer and Townsend 2000). The interest in the interstitial spaces in oyster habitats has
emerged from observations of reduced foraging success by crab predators (Toscano and Griffen
2013, Hesterberg et al. 2017) and enhanced species abundance and richness within oyster reefs
(Meyer and Townsend 2000). While some studies of oyster reefs have addressed the effects of
habitat complexity on predator-prey interactions (Grabowski et al. 2008, Hill and Weissburg
2013) and abundance and diversity of associated species (Schulte et al. 2009), these studies did
not quantify the effects of interstitial space abundance or size on interspecific interactions or
biodiversity. In general, the contribution of interstitial spaces to discussions of habitat
complexity of oyster reefs remains overlooked.
Below I present a methodology which outlines the isolation and quantification of
individual interstitial space volume within oyster reef structure using two types of imaging
technology (i.e., surface laser scanning and computed tomography [CT]) combined with 3D
modeling of extracted geometry and 3D structure). Using 3D design software, models generated
from both surface and CT scanning techniques were compared to determine their relative
efficacy for quantifying interstitial space volume (i.e., size) within oyster clusters; implications
of this methodology are also discussed.
2.2.

Materials and Methods

2.2.1 Oyster Cluster Collection
To evaluate the differences between 3D models generated from surface laser and CT
scanning techniques, representative clusters of live oysters were collected from oyster reefs
patchily distributed within the Manatee River, Bradenton, Florida, USA (27°31’19.04”N,
82°36’24.11”W). Five natural oyster clusters (Fig. 1) were sampled haphazardly from a series of
225cm2 quadrats placed along a 0.75km transect of the shallow intertidal zone at high tide (~
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0.5m water depth). Each selected oyster cluster was stored individually in collection bags and
then returned to the laboratory for further analyses. Prior to scan imaging (methods described
below), each cluster was rinsed in freshwater to remove any surface materials which might
interfere with the documentation of interstitial spaces and then allowed to air dry for at least 1hr
before scanning (described below).
2.2.2 3D Modeling of Oyster Clusters
Each oyster cluster (Fig. 1) was scanned with both a surface (“laser”) scanner and
computed tomography (“CT”) scanner. All laser scans were performed first using a triangulation
scanner, Konica-Minolta Vivid 9i digitizer (resolution: 0.03 – 0.145mm) that was configured
with an automated turntable. Individual scans were obtained in 60o increments for three faces (18
scans/cluster) of the oyster cluster to ensure adequate scan coverage and digital data collection.
The laser scanner captured the surface of the oyster cluster by measuring distances between
points to create a 3D point cloud (Raz-Bahat et al. 2009, Reichert et al. 2016). This type of laser
scanner collects point measurements based on the line-of-sight of the laser, which may be
restricted, especially in terms of field of view (FOV) or the observable area from which a
scanner can capture data given a certain distance. The FOV is especially seen as a limitation with
surface scanning performed with geometrically complex objects (Reichert et al. 2016).
Computed tomography (CT) scans were obtained of the same clusters. Unlike laser scanners,
computed tomography utilizes X-rays capable of obtaining both external surfaces and the
internal components of an object (Naumann et al. 2009, Lennon et al. 2021). Computed
tomography scans were completed using the Toshiba Aquilion TSX-101A scanner (resolution:
0.35 – 0.5 mm); collecting sagittal, coronal, and helical CT scans and generating approximately
300-500, 1mm slices per cluster. DICOM (Digital Imaging and Communications in Medicine)
20

image data from CT scans were converted to STL (Stereo Lithography) using Mimics 19.0
(Mimics Research) format for integration into the scan-based 3D design software Geomagic ®
Studio (3D Systems).
Profiles of oyster cluster scans created by each of the two scanning methods were
rendered separately using Geomagic® Studio (3D Systems). Three-dimensional triangulated
mesh models were generated and then inspected for missing data (i.e., holes in the polygon
mesh). If present, holes in the digital mesh were filled individually to maintain the original
cluster architecture using the Polygon tool and Fill functions of Geomagic® Studio to complete
the 3D models prior to data collection. The generation of 3D models is advantageous because it
provides a digital image that is accurate to sub-millimetric measurements and can be
manipulated such that the oyster cluster model can be disarticulated without physically damaging
the actual cluster architecture.
2.2.3 Estimating Interstitial Space Volume
Upon generation of 3D models, volumetric data of interstitial spaces were obtained from
both CT and laser scans. Here I define an interstitial space as a hole or void created by at least
two structural components, i.e., oyster shells. Interstitial spaces may be formed from the shells of
living and/or dead oysters, and not limited to the shells of only dead oysters or boxes (Fig.1B).
Using the digital 3D oyster cluster models (Fig. 2A), each individual interstitial space within the
cluster was identified and outlined with the Draw function in the Curves tool of Geomagic®
Studio. The Draw function enabled the creation of a contoured outline for each designated
interstitial space. Once each interstitial space was identified, the drawn curves were converted to
boundaries to isolate each space from the entire model (Fig. 2B). With the Polygon tool, the
individual interstitial space was filled, and the volume of the space was determined to the nearest
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mm3 using the Volume Calculate function in the Analysis tool (Fig. 2C). Identification and
volume measurements were obtained for all interstitial spaces within each cluster for both
scanning techniques. The number of individual interstitial spaces and the minimum, maximum,
and mean interstitial space volumes (cm3) per cluster were determined for each cluster.
2.2.4 Comparison and Precision of Volumetric Measurements
Similarity in the volumetric measurements of a subset of interstitial spaces was compared
between the 3D models generated by CT and laser scanning techniques. Five individual spaces
from each of the five oyster clusters were selected haphazardly on the CT 3D model (n = 25).
The corresponding spaces were then identified on laser 3D models and the volumes determined.
A Pearson’s correlation analysis was performed R 4.0.3 (R Core Team 2014) to examine the
association of interstitial space volumes generated by each of the scanning procedures.
Measurement precision was compared between CT and laser scanning techniques using
the space isolation and volume measurement techniques described above. To determine the
precision of volume measurement, each of the interstitial spaces was isolated independently five
times within each model type (CT or laser derived) and the volume was determined for each
isolation of space. The Coefficient of Variation (CV; s/x̄) was determined to evaluate the
precision of the repeated measurements of volume for each of the 25 total interstitial spaces for
each scanning method.
2.3.

Results
The natural arrangement of individual oysters created a unique geometrical structure

providing an array of interstitial spaces within each oyster cluster (Fig. 3). Most clusters were
roughly spheroid or ellipsoid in shape, with one possessing an interstitial space passing through
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the center (Fig. 3C), probably the result of the oyster cluster being attached previously to a prop
root of the red mangrove, Rhizophora mangle L.
The generation of 3D models of the oyster clusters via CT and laser scanning provided a
digital source to quantify interstitial space abundance and size. Some variation in the number and
size (volume) of interstitial spaces was observed between the 3D models generated from the
different scanning techniques. Across all clusters, approximately 33 – 94 spaces were isolated
per cluster from the CT models that ranged in size (volume) from 0.51 – 97.15 (cm3) (Table 1).
In comparison, for the laser models, approximately 38 – 76 spaces were isolated for each of the
same clusters ranging in size from 0.45 – 86.44 (cm3) (Table 1). The majority of the identified
interstitial spaces belonged to the 0.45 – 4.99 cm3 size class (Fig. 4). Both scanning techniques
captured an approximately equal number of spaces between the 5.00 – 24.99 cm3 size range,
however, the number of spaces with volumes between 25.00 – 69.99 cm3 were more highly
variable between model types. Eighty-four percent of the spaces measured had a volume < 40
cm3. Overall, for the subset of spaces examined, a significant positive association was recorded
between mean interstitial space volume measurements obtained from CT- based 3D models and
laser-based 3D models indicating overall excellent correspondence of measurement for the same
space (Pearson Correlation r = 0.974, p < 0.0001, df = 23; Fig.5).
Measurement precision was consistently similar between CT and laser scanner models.
Variation among the repeated volume measurements ranged from 0 – 7% for CT models and 0 –
10% for the laser models (Fig. 6). Of the 25 spaces examined between both CT and laser
generated models, 88% of spaces had < 5% variation from the mean of repeated measures,
suggesting that interstitial space isolations and measurements were obtained with at least 95%
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precision. The highest variation in repeated space measurements occurred for small spaces with
volumes < 20 cm3 (Fig. 6).
2.4.

Discussion
Interstitial spaces within reefs formed by a variety of invertebrate taxa, including oysters,

corals, and mussels have been regarded as key features of these benthic habitats, although
quantifying spaces has posed logistical difficulties leading to their often being disregarded or
quantified with linear dimensions (Humphries et al. 2011, Pappal et al. 2012) when assessing
habitat complexity. Methods described in this study provide a novel way of evaluating interstitial
spaces within natural assemblages of one of these reef building taxa through the use of 3D
scanning and modeling techniques. Importantly, both the laser and CT scanning methods
sufficiently captured the architecture of the oyster clusters thereby allowing for the generation of
3D models that could be manipulated within a 3D space. It is the ability to maneuver the
modeled oyster clusters in a 3D space that proved critical to the acquisition and quantification of
individual interstitial spaces. Importantly the procedures described herein are adaptable for use in
assessing habitat complexity of other reef building habitats if the structures can be removed from
the water for scanning. Such an approach will become even more valuable with the advent of 3D
scanners that can operate underwater (Anwer et al. 2017, Kim et al. 2020).
The collection of volume measurements reported here from oyster clusters represents a
more complete characterization of interstitial space compared to that available from other
frequently used approaches. The majority of the interstitial spaces observed within the oyster
clusters were smaller than 10 cm3, verifying that quantification of these interstitial spaces could
not be easily extracted by other commonly used methods such as rugosity. The size range of
spaces reflects both the settlement and irregular growth patterns of oysters, combined with the
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high abundance of juvenile oysters (shell height < 29.99 cm; E. Salewski unpublished data)
observed on the clusters. The high proportion of juvenile oysters forming clusters on reefs is
common during the spring season I conducted field collections. However, the methods I
describe here are amenable for use with larger-sized oysters which would be expected to
produce, accordingly, a shift in size distribution of spaces.
Evaluation of precision indicated that most variability was detected among volume
measurements for spaces < 20 cm3, but overall precision measurements remained above 90%
across all spaces examined. One reason for the high variation among the smallest (< 29.99 cm3)
spaces may be related to the procedure by which boundaries of small interstitial spaces were
identified. More specifically, the 3D models are a polygonal mesh comprised of a multitude of
triangles with the number of triangles within a section (i.e., an interstitial space) of the model
dependent upon the size of the selected section. Smaller interstitial spaces have fewer triangles
that necessitates the meticulous identification of the space boundaries. The slightest deviation in
boundary identification, or the filling procedure, for smaller spaces generates increased variation
between the repeated measures of interstitial space volume, therefore reducing measurement
precision. Issues of acceptable precision are thus most likely to emerge when structures have a
preponderance of “small” spaces.
Both CT and laser scanners performed equally well in obtaining adequate data to
generate the 3D models of the oyster clusters and extract data on the interstitial spaces. The
strong relationship between volume measurements obtained from both types of scanning
instruments suggest that either technique is capable of capturing interstitial spaces from the
oyster clusters with some limitations. Waltenberger et al. (2021) demonstrated that CT was the
only scanning method compared to 3D surface scans and photogrammetry capable of capturing
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difficult or internal regions of their specimen. In the present study, a slight disagreement
between scanning techniques was noted with the imaging of large (> 40 cm3) spaces. Two of the
three largest spaces examined were underestimated by the laser scanner, given that laser scanners
collect point measurements based on the line-of-sight of the laser (Reichert et al. 2016). Though
CT and 3D surface scanning generated similar surface models (Waltenberger et al. 2021), the
arrangement of objects within a geometrically complex habitat may inhibit the laser (Fig. 2.7)
from capturing the extent of large interstices, which is not problematic for the x-rays of a CT
scanner.
Recent advances in 3D imaging and modeling technologies have broadened the
application and accessibility of 3D documentation and model creation. The Konica-Minolta
surface scanner used in this study would now be considered “out-of-date” and replaced by
photogrammetry (Ferrari et al. 2017), structured light scanners (Reichert et al. 2018), and other
triangulation scanners (Vu et al. 2017). Photogrammetry, a methodology successful utilized to
generate a 3D models of corals with mixed results in terms of accuracy (Figueira et al. 2015,
Gutierrez-Heredia et al. 2015, Kalacska et al. 2018), was considered in the initial phases of this
study but the number of photographs necessary (>750/cluster) and the time needed for
processing and quality control checking and modeling for the 3D mesh generation per cluster did
not meet our processing requirements. The metrological accuracy of the underlying mesh model
used in photogrammetry was found to be not reliably comparable to the surface or CT
(Waltenberger et al. 2021) scanning techniques used in this study. Structured-light scanning was
also attempted in the early stages of this study. The tight aggregation of shells within the natural
oyster clusters made 3D documentation difficult and the structured light scanner failed to
produce a usable point cloud or mesh. The FaroArm, an articulated triangulation scanner, was
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also utilized to scan natural oyster clusters in the early pilot studies. The FaroArm produced
reliable 3D meshes of two the natural clusters scanned, though accessibility and logistics
prevented continued use of the scanner at the time of this study. Advances in technology,
software development, and improved quality control methods coordinated with appropriate
scaling requirements will increase accuracy in the final model (Anelli et al. 2019, Marre et al.
2019, Díez Díaz et al. 2021, Waltenberger et al. 2021). Further, the combination of scanning
methods like the FaroArm with photogrammetry may enable a more comprehensive 3D model
by merging accurate color, texture, and structural information into a single model.
The variety of scanning and imaging techniques now available are not without
constraints, safety precautions, and other considerations to be made prior to application. Three D
surface scanners provide accurate 3D representation of a subject that may be automated
therefore reducing the amount of user interference in data collection (Díez Díaz et al. 2021).
Surface laser scanners can be portable, but dark surfaces, moisture, and ambient light conditions
may restrict uses to specific environments (Waltenberger et al. 2021). CT scanners are large and
expensive, and therefore not portable. Models produced by CT scans enabled the investigation of
both internal and external features of a subject but the limited resolution sacrifices surface detail
(Waltenberger et al. 2021). Minute variations in the surface topography of natural oyster shells
were observed on the clusters and better represented in the 3D models generated from the surface
scanner (Fig. 2.7) as a result of the higher scan resolution of the Konica-Minolta (0.03mm)
compared to the CT scanner (0.5mm). Micro-CT scanners, however, are smaller and capable of
resolutions up to 1µm based on the size of the subject (Fordyce et al. 2020, Waltenberger et al.
2021).
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Scan data acquisition and model registration, completion and refinement were relatively
quick (under 30 minutes) for both scanning techniques; data extraction using the procedures
outlined here was more time intensive (up to 8h/cluster). Laser scan-based data had a slight
advantage over CT scanning in terms of workflow, that for the former only one imaging software
program was needed to register the point cloud data to the 3D triangular mesh models and extract
the desired data from the cluster. In contrast, in these procedures, DICOM images from the CT
scans required an additional software program to create the 3D triangular mesh for integration
into the modeling program. The exact amount of time needed for data extraction is expected to
vary with organismal structure targeted for study and the architectural complexity and size of the
structure in questions.
The production of 3D models provided an additional benefit of the production of a digital
surrogate of the subject of interest is generated. A digital surrogate archive can serve as a 1)
reference for a particular time point for the reproduction of exact replicas to be used for
experimental purposes, and/or 2) preserved representation of the initial structural integrity of the
subject. Scan-based imaging software is capable of quantifying differences between scans [e.g.,
deviation analyses (see Figueira et al. 2015) or point cloud comparisons], computing surface area
(Naumann et al. 2009, Fukunaga et al. 2020), and measuring linear distances of structural
components so that aspects of a 3D structure can be compared over time and space. For example,
new recruits to sessile structures can change habitat structure by generating small interstitial
spaces and/or possibly filling in larger spaces, changing the amount of available space.
Colonizing sessile organisms are expected also to alter the shape of the interstices as they
increase in size over time. As the reef 3D structure changes, ecologically important features such
as the availability of suitable space may change as well (Coull and Wells 1983), so having the
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ability to quantify structural characteristics over time may serve as an expedient tool. While
previous sampling techniques utilized to estimate structural features in reef habitats typically
required destructive sampling methods (Luckhurst and Luckhurst 1978, Commito and
Rusignuolo 2000, Naumann et al. 2009) that would prohibit repeated sampling of the same
experimental unit, repeated scans of the same experimental unit afford the opportunity to
monitor changes in habitat structure over time through the provision of a historical digital
archive for comparison (Burns et al. 2015, Ferrari et al. 2016, Reichert et al. 2016).
Overall, the characterization of habitat features has become an important aspect of
estimating community composition and species interactions within an ecosystem and the
methodology described here serves as an improvement to currently utilized procedures. While
estimates of surface area (Warfe et al. 2008, Raz-Bahat et al. 2009, Lavy et al. 2015) and linear
distances (Humphries et al. 2011) may provide useful information on available surfaces for
settlement or the arrangement of some objects, respectively, neither set of metrics accounts for
holes or spaces provided by structural arrangements. Spaces used as refugia have been evaluated
through metrics such as total interstitial volume (Callaway 2018) and spherical space analysis
(Ware et al. 2019), but neither of these techniques quantifies the abundance, shape, nor size of
individual spaces. The estimation of interstitial spaces within this study overcomes earlier
limitations by providing not only the abundance but also the 3D size (volume) of each spacemetrics that have been missing previously. While I did not examine shape of space in this study,
this information can also be extracted using the set of methods described here.
Integrating 3D analyses of interstitial spaces into the characterization of habitat
architecture improves the ability to determine specific features of the habitat that are essential on
an organismal level. Interstices, crevices, or overhangs within the architecture of a habitat,
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provide structural obstacles at various scales (Kostylev et al. 2005) that may influence species
interactions and diversity (Kovalenko et al. 2012). Clearly 3D descriptors of spaces potentially
offer different view of potential refuge value and availability within a habitat. Combining the 3D
methodology presented here with already existing metrics of habitat complexity may provide
additional insights into specific habitat features that influence community development and
species interactions.
Beyond the assessment of interstitial space, the methodology developed here can be used
to acquire dimensions of habitat features for constructing habitats of specific spatial
arrangements to enhance habitat restoration efforts. Further, the ability to create exact physical
and digital replicas (e.g., 3D printing or mixed reality) of the physical habitat based upon
extraction of 3D models may also be useful for conducting field experiments (e.g., Hesterberg et
al. 2017). As the field of 3D technology continues to advance, our ability to capture and identify
important features of habitats should also improve, thus enabling more accurate predictions of
habitat preference and species interactions. Along with resolution improvements with 3D
imaging, laser scanner portability, cost, and versatility of scanner hardware and software
platforms will continue to improve research capacity utilizing these methods.
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Table 2.1. Interstitial space characteristics of oyster (Crassostrea virginica) clusters obtained from both CT scan-based and surface
laser scan-based 3D models.
Linear
Interstitial Space
Mean ( ± SE ) Interstitial Space
Maximum Interstitial
Minimum Interstitial
3
3
Oyster
Clump
Abundance
Volume (cm )
Space Volume (cm )
Space Volume (cm3)
Clump Dimensions
ID
(l x w x h)
CT
Laser
CT
Laser
CT
Laser
CT
Laser
(cm)
1
17 x 12 x 14
33
45
13.25 ( ± 3.14)
8.09 ( ± 1.70)
88.33
54.26
0.53
0.56
2
16 x 13 x 16
60
58
14.24 ( ± 2.37)
9.30 (± 1.50)
97.15
86.44
0.51
0.57
3
19.5 x 11 x 7
50
38
6.35 (± 0.90)
6.68 (± 0.97)
33.72
21.45
0.53
0.51
4
15 x 11 x 10
86
68
4.01 (± 0.42)
4.08 (± 0.53)
20.41
17.52
0.51
0.45
5
14 x 13 x 9
94
76
3.44 (± 0.44)
3.48 (± 0.62)
25.62
37.82
0.55
0.52
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Fig. 2.1. Representative natural oyster clusters. (A) Single cluster within 225cm2 quadrat. (B)
Architectural components of oyster clusters.

Fig. 2.2. (A) Constructed 3D surface model of an oyster cluster. Red lines are the designated
boundaries for each interstitial space. The area highlighted in red is an individual interstitial
space which is isolated in (B). (C) The filled interstitial space with the volume of the space
calculated.
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Fig. 2.3. Three (A), (B), and (C) of the five oyster clusters modeled using laser and CT scanbased techniques. (C) Oyster cluster with a large central interstitial space.
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Fig. 2.4. Mean (±SE) count of interstitial spaces by size (volume [cm3]) class within each of the
five oyster clusters as determined with two different (CT and laser) scanning methods.
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Fig. 2.5. The relationship between the mean volume (cm3) for a subset of 25 spaces repeatedly
measured from CT scan-based models (x-axis) and laser scan-based 3D models (y-axis)
(Pearson correlation r = 0.973, P < 0.0001). The dashed line represents a 1:1 relationship for the
volumetric measurements obtained from the 3D models from each of the two scanning methods.
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Fig. 2.6. Coefficient of variation (%) for the mean interstitial space volume (cm3) of the same 25
spaces measured independently 5 times determined from CT scan-based models and surface laser
scan-based models.
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Fig. 2.7. (A) Variations in the surface texture and color of natural oyster shells captured by the
Konica-Minolta. (B) The smoothing (yellow arrow) of missing data in the 3D mesh as a result of
the presence of a hole and the dark coloration of the shell surface inside the hole.
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CHAPTER 3: INVESTIGATIONS INTO THE RELATIONSHIP BETWEEN
COMPLEXITY AND ASSOCIATED MACROINVERTEBRATE FAUNA OF OYSTER
CLUSTERS

3.1

Introduction
Oyster reefs are an excellent system to examine the features that constitute habitat

complexity. The biogenic reefs provide intricate architecture that supports a diverse community
(Grabowski and Powers 2004, Boudreaux et al. 2006, Schulte et al. 2009). As oyster reefs
develop, the irregular arrangement of shells provides an uneven pattern of surface area and an
array of interstitial spaces of various shapes and sizes. Here, architectural complexity
(complexity hereafter) refers to the physical arrangement and heterogeneity of biogenic
structures in space (McCoy and Bell 1991, Diehl 1992) that contributes to the overall vertical
relief, surface area and irregularity, and the number and size of interstices.
Ecologists working in a variety of habitats and ecosystems have defined habitat
complexity in a multitude of ways (Bell et al. 1991). “Complexity” has been used
interchangeably with terms such as “(habitat) structure”, “surface topography”, “surface
rugosity”, “structural complexity”, and “habitat heterogeneity” in studies exploring the
relationships between species and their habitat (August 1983, Shulman 1984, Barnes et al. 2013).
Along with terminology, ecologists have ascribed terms to identify architectural features of
habitats that reflect their complexity. Surface area, vertical relief (height off the bottom), surface
rugosity (topographical variations), and spaces (interstitial spaces, holes, crevices, or voids) are
habitat features measured to describe the complexity of a habitat. Species responses to these
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complexity metrics have been investigated because structural elements or associated spaces serve
as potential attachment sites, foci of resources or refugia from physical stress or predators (Bartol
et al. 1999, Van Horn and Tolley 2009, Emslie et al. 2014, Byers et al. 2017). A large body of
literature on species response to habitat complexity has emerged across a wide array of habitats
with varying architecture (Kovalenko et al. 2012).
To date most studies examine 1-2 aspects of habitat complexity such as abundance of
structural components (e.g., oyster shell density or volume) or surface area, forgoing
measurements of interstitial spaces. Complexity measures typically include a metric of surface
area or topography via rugosity (Luckhurst and Luckhurst 1978) and vertical relief (Toohey
2007), but neither account for the number or size interstices. A common method used to quantify
surface rugosity (SR), the chain and tape technique is problematic since the method of obtaining
the SR values using chain and tape are inconsistent between studies (McCormick 1994, Toohey
2007, Alvarez-Filip et al. 2011). Further, Luckhurst and Luckhurst (1978) describe the chainand-tape method as capturing only the surface area, but not the variation in and of structural
components. (Tupper and Boutilier 1997) add that rugosity does not account for potential refuge
size or abundance.
Complexity quantified with fractal geometry or dimensions (D) (Commito and
Rusignuolo 2000, Barnes et al. 2013), consecutive substratum height variation (Carleton and
Sammarco 1987, Underwood and Chapman 1989, McCormick 1994), three-dimensional laser
scanning (Holmes 2008, Raz-Bahat et al. 2009, Reichert et al. 2016) determines the surface area
of the habitat only. Sherman (2002) demonstrate that increases in surface area result in greater
species diversity and richness, measures of surface area might not capture the potential refuge
aspect of the habitat, but merely the amount of available substrate. The surface rugosity methods
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may provide valuable information regarding the topography of a hard-bottom habitat, but do not
inform of the spatial arrangement of the structures or convey the amount of interstices or habitat
heterogeneity, which may ultimately dictate the refuge availability within habitat.
While much attention has been directed at measuring and quantifying the amount or
arrangement of surface area in oyster reefs the interstices created by the structural components of
the reef provide habitable space for settlement (Leslie et al. 2017, Lipcius and Burke 2018,
Ceccarelli et al. 2020) or predator avoidance (Byers et al. 2017) remain virtually unexamined.
Simply, current methods of measuring complexity overlook or misrepresent three-dimensional
interstices. The absence of information on the abundance and size of interstices within habitats
may disregard their contribution to the overall architectural complexity and neglect the potential
value of interstitial spaces as refugia. The present study aims to identify the structural features
(e.g., interstitial space size) that contribute to the architectural variation among oyster clusters
collected from reefs.
Here, measures of interstitial space size and abundance along with commonly utilized
metrics of complexity: rugosity, fractal dimensions, surface area, and abundance of structural
components, are employed to determine the relative contribution of different structural
components to complexity of oyster habitat. Next, the relationships between the measured
structural features and the associated macroinvertebrate assemblage were examined. It was
predicted that measures of interstitial spaces will have a strong positive effect on the abundance
of mobile species- decapods and gastropods, while measures of surface area will have a strong
positive effect on sessile bivalve species. Quantifying interstitial space in the oyster clusters
provides an opportunity to demonstrate the importance of interstitial space metrics when
evaluating habitat complexity, and their influence on the associated community.
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3.2

Methods

3.2.1 Oyster Cluster and Invertebrate Community Collection
Representative clusters of live oysters [Crassostrea virginica (Gemlin, 1791)] were
collected from Manatee River, Bradenton, Florida, USA (27°31’19.04”N, 82°36’24.11”W). Six
natural oyster clusters were sampled haphazardly from a series of 225cm2 quadrats (Fig. 2.1)
placed along a 0.75km transect of shoreline at high tide. Oyster clusters were stored individually
in collection bags and then returned to the laboratory for analyses.
Once in the laboratory, clusters were rinsed in freshwater over a 0.5mm mesh sieve to
collect motile fauna and remove any surface materials which might interfere with collection of
the complexity measurements. Any invertebrate specimens remaining on the clusters were
removed and collected, then stored in a freezer (0°C) for a minimum of 72hr to preserve fauna.
All animals were thawed and then sorted into major taxonomic groups: bivalves (not including
oysters), gastropods, and decapods. Abundance of each taxon was determined per oyster cluster.
Small invertebrates such as amphipods and polychaetes were excluded from analyses as their use
of the oyster cluster architecture is beyond the scope of this study.
The measurements for the individual complexity metrics were obtained from each cluster
following the removal of invertebrates. The number of structural components (i.e., live oysters)
in each cluster were recorded. Clusters were then processed for rugosity (Section 2.2.2), fractal
dimension analyses (Section 2.2.3), and 3D modeling and analyses (Sections 2.2.4-2.2.5).
Clusters were stored in a freezer (0°C) until their use for 3D imaging (Section 2.2.4). Prior to
imaging (methods described below), each cluster was allowed to air dry for at least 1hr before
scanning (described below).
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3.2.2 Rugosity
The traditional chain-and-tape method (Risk 1974, Luckhurst and Luckhurst 1978) was
used as a measure of surface rugosity for each oyster cluster. The chain-and-tape method was
modified slightly to account for a freestanding cluster (unattached to reef or other permanent
structure). For this modification, the chain was stretched across three different haphazardly
selected axes of the cluster (length, width, and height) instead of following a singular linear
transects (Fig. 2.2). The chain was placed on one point of the cluster and pulled over the surface
of the cluster until the chain reached a corresponding point on the other side to obtain the
geometric surface area (GSA) for each axis (Fig 2.2). The true surface area (TSA) was measured
by allowing the chain to fall into the crevices and interstices along each axis. The surface
rugosity was calculated by the ratio of GSA/TSA, with values between 0.01 and 1. Surface
rugosity close to 0.01 corresponds to a highly complex structure and a value closer to one is
equivalent to a flat surface (Risk 1974, Luckhurst and Luckhurst 1978). Mean rugosity was
determined by averaging the rugosity of the three axes to generate a single value per cluster.
3.2.3 Fractal Dimensions
A profile gauge constructed of a 25 cm long Plexiglas (Fig. 2.3) support fitted with 37
2.7mm drill rods arranged in a linear array and spaced 5mm apart was used to provide an
additional measure of surface complexity. The oyster cluster was placed into the center of the
gauge frame and each pin was lowered gently onto the cluster so that each pin just touched the
surface of the shell matrix. Once all 37 pins in the array were at the respective heights
corresponding to the surface topography of the cluster, a photograph was taken with a Cannon
5D MKII DSLR. The pin array was moved along the same path in 1cm increments across the
surface of the oyster cluster until all pins were no longer in contact with the cluster surface. For
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every 1cm increment the pin array was moved, the camera was moved 1cm to maintain a
consistent focal length for all photographs. The images were analyzed in ImageJ using the
FracLac analysis tool, which provides a dimensionless measure of complexity, D, for each
cluster.
3.2.4 3D Modeling of Oyster Clusters
Three-dimensional models of the oyster clusters were created using the same
methodology described in Chapter 1 (see Section 1.2.2). Each oyster cluster was documented
with a triangulation scanner, Konica-Minolta Vivid 9i digitizer configured with an automated
turntable. Individual scans were obtained in 60o increments for three faces (18 scans/cluster) of
the oyster cluster to ensure adequate scan coverage and digital data collection. Profiles of oyster
cluster scans were rendered separately using Geomagic® Studio (3D Systems). Threedimensional triangulated mesh models were generated and then inspected for missing data (i.e.,
holes in the polygonal mesh). If present, holes in the mesh model were filled individually to
maintain the original cluster architecture using the Polygon tool and Fill functions of
Geomagic® Studio to complete the 3D models prior to data collection.
3.2.5 Surface Area and Volume Metrics
Upon generation of 3D models, total surface area and volumetric data of interstitial
spaces were obtained. Total surface area was calculated from the polygonal mesh using Compute
Area function in the Analysis tool. The interstitial spaces were identified utilizing the methods
described in Chapter 1 (see Section 2.2.3). The volume of interstitial spaces was determined to
the nearest mm3 using the Compute Volume function in the Analysis tool (Fig.2.4). Identification
and volume measurements were obtained for all interstitial spaces within each cluster. The
number of individual interstitial spaces, maximum, mean, and total interstitial space volumes
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[ISV (cm3)] were calculated for each cluster. Maximum, mean, and total ISV were utilized as
separate metrics to further tease apart the potential value of interstitial space size as an important
aspect of habitat complexity. Total interstitial volume has been estimated for artificial shell and
rock reefs via water displacement (Callaway 2018) and the data collection methods employed in
this study allow for the inclusion of other volumetric measures such as mean and maximum ISV.
Mean and maximum ISVs may be more meaningful from an organismal perspective as most
fauna on the oyster clusters were < 30mm and the larger values of total ISV do not inform on
specific size classes of IS available.
3.2.6 Data Analyses
To determine the structural components that contributed to the complexity of the oyster
clusters, Pearson correlations were conducted on the complexity metrics and the abundance of
individuals within the major taxonomic groups collected to determine the direction and
magnitude of the association between variables. Complexity metrics were log transformed to
improve normality and placed into two categories: 1) interstitial space and 2) surface area, and
analyzed separately in two principal component analyses (PCA) using the vegan packaging in R
4.0.3 (R Core Team 2014, Oksanen et al. 2020). The data were centered and scaled for the PCA.
Separate PCAs were utilized to reduce any redundancy between the complexity metrics and to
determine which structural features of oyster clusters contributed the most to the architectural
complexity. The surface area PCA included variables of oyster abundance (structural
components): surface area, rugosity, and fractal dimension. The volume PCA included variables
of interstitial space abundance: total ISV, mean ISV, and maximum ISV. The interstitial space
variables and the surface area variables that had large contributions to the principal components
explaining the most variation, usually the first and second components, were combined into a
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unique dataset and composed of a reduced number of complexity metrics. An additional PCA
was performed on the new data set to determine which metrics had the strongest contribution to
the first two principal components and therefore explained the most variation in architectural
complexity of the oyster clusters.
The first and second principal components from the unique data set with reduced
complexity metrics were utilized as explanatory variables in linear regression models. The
relationship between the abundance of the three major taxonomic groups: bivalves, decapods,
and gastropods and the first two principal components was analyzed in order to determine any
significant relationships between complexity metrics contributing to both PC axes and the
invertebrate taxa. Individual regression analyses were attempted using the MASS package in R
4.03 (Venables and Ripley, 2002). Abundance data for all taxa were log (x+1) transformed to
improve normality.
3.3

Results
The oyster clusters examined were composed of 21 – 45 shells/cluster, which created

approximately 38 – 76 interstitial spaces/cluster and provided surface area between 448.7 –
714.8 cm2 (Table 2.1). The interstitial spaces contributed to a range of sizes varying between 0.5
– 54.3 cm3 (Table 2.1). Measures of rugosity remained above 0.6 indicating the clusters had low
surface rugosity, and fractal dimension were below D = 2.0 (Table 2.1). Pearson correlations of
the complexity metrics revealed that total ISV was significantly correlated with mean ISV, and
two metrics from the surface area category: number of oysters and surface area Table 2.2).
Surface area was also significantly correlated with maximum ISV, but measures of rugosity or
fractal dimension did not have any significant correlations with other complexity metrics.
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In the PCA using only surface area related metrics PC1 explained 33.2% of the variance
of surface area metrics, and PC2 explained 30.3% (Fig. 2.4). Number of oysters and surface area
had strong, positive correlations to PC1 axis, although only oyster abundance was significantly
correlation to the PC1 axis (Table 2.3). Surface area and fractal dimensions had strong
correlations to the PC2 axis but, neither correlation was significant (Table 2.3). In the PCA
utilizing interstitial space metrics, PC1 explained 61.2% of the variance of all interstitial space
metrics, and PC2 explained 29.6% (Fig.2.6). Total ISV, maximum ISV, and mean ISV had
strong correlations with PC1 axis with mean ISV and total ISV being significant (Table 2.4). The
abundance of interstitial spaces had a strong and significant correlation to PC2 axis (Table 2.4).
For the PCA linked to volume metrics, total ISV and maximum ISV had similar loadings (ISV =
0.58; Max ISV = 0.51) to PC1 axis (Fig.2.6).
A composite complexity data set was constructed from the results of the individual PCAs
and the Pearson correlation analysis. Complexity metrics that explained most of the variance of
the data within each PCA were selected then scrutinize for high correlations with other
complexity metrics were reduced accordingly. As stated previously, total ISV was highly and
significantly correlated to mean IVS and oyster abundance, and shared similar loading on PC1
axis with maximum IVS and was excluded from the composite complexity PCA to reduce
redundancy. Fractal dimension was highly correlated with PC2 axis of the surface area PCA and
was therefore included in the final PCA. The composite complexity metrics data set included:
fractal dimension, oyster abundance, surface area, IS abundance, maximum ISV, and mean ISV.
Rugosity did not contribute and was not significant with PC1 nor PC2 in the surface area PCA
and was excluded from the final dataset.
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The composite complexity PCA, PC1 explained 43.1% of the variance and PC2
explained 29.6% of the variance of the data among the complexity variables measured (Figure
2.7). Surface area and maximum ISV were strongly correlated strongly with PC1 (Table 2.5).
Oyster abundance and IS abundance had strong positive correlations with PC2, of which the
association between PC2 and IS abundance was significant (Table 2.5). Fractal dimension,
however, had a strong negative correlation with PC2 axis that was not significant.
The abundance of macroinvertebrates ranged from 15 – 46 individuals/cluster and the
species richness ranged from 5 – 8 species/cluster (Table 2.6). Only one bivalve, Brachidontes
exustus (Linnaeus, 1758), was found on the clusters. Five gastropod species were found on most
clusters, though Boonea impressa (Say, 1822) was the most abundant snail contributing 72% of
the total community structure in one of the clusters (Table 2.6). The Tampa drill, Eupleura
tampaensis (Conrad, 1846), was found on three of the six clusters. Decapods were the most
abundant group (125 individuals, 4 species) represented across all oyster clusters. Eurypanopeus
depressus (Smith, 1869) was the most abundant of the decapod, contributing to approximately
45% of the community structure on most clusters (Table 2.6).
Patterns of macrofaunal association with interstitial space and surface area metrics were
inconsistent. Of the interstitial space metrics, bivalve abundance had significant negative
correlations with total ISV and mean ISV (Table 2.7), while decapod abundance had a negative
association with only total ISV (Fig. 2.8). Negative correlations were also detected for the
surface area metrics. Decapod abundance was negatively correlated with the number of oyster
shells, and gastropod abundance was negatively correlated with rugosity (Table 2.7). The
correlation analysis and the PC regression did not reveal any significant associations or
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relationships between the invertebrate taxa and the PCs derived from the complexity PCA (Table
2.7 and Table 2.8).
3.4

Discussion
Detailed examination of oyster clusters using 3D models revealed new quantitative

information on interstitial spaces generated by the arrangement of oyster shells in clusters and
offers an additional perspective of habitat complexity. The oyster clusters evaluated in this study
were found to possess a variety of oyster shell sizes and abundances that resulted in a broad
range of available surface area and interstitial space sizes. Detailed measurements of interstitial
space provided a unique opportunity to compare interstitial space metrics to that of commonly
used methods to measure surface area-related structural components on the same oyster clusters.
A main finding is that among surface area metrics considered, the number of oyster shells
composing the cluster was positively correlated with maximum and total ISV. This finding
suggests that as oyster density increases, interstitial space is generated in kind. It was expected
that as size of shells and directional orientation change as shells grow so too do spaces expand or
decrease in magnitude.
Close inspection of oyster clusters revealed how the architectural arrangement of oyster
clusters even with the same number of shells can produce a complex habitat with differing
interstitial space metrics and measures of surface area. Cluster 1, for example, was composed of
22 oyster shells that produced 45 interstitial spaces. This in turn accounted for a surface area of
642.6 cm2 and a total IS volume of 363.85cm3. In contrast, Cluster 6 was also composed of 22
oyster shells but those shells constructed 76 interstitial spaces, yielding a surface area of
703.3cm2 and total IS volume of 264.4cm3. Thus, in some case, relying on a single metric as an
indicator of complexity, such as the number of structural components (i.e., oyster shells), may
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not adequately describe the interstitial spaces or surface area measures originating from
arrangement of shell structures.
Here, measures of interstitial space size and abundance along with commonly utilized
metrics of complexity: rugosity, fractal dimensions, surface area, and abundance of structural
components were employed to determine the relative contribution of different structural
components as descriptors of oyster habitat complexity. Comparison of the interstitial space
metrics to the surface area measures of complexity for the set of oyster clusters revealed a strong
contribution of space measures to explain the variation in oyster architectural structure. When the
both space and surface area metrics were considered together in PCA, they collectively explained
~ 73% of the variation within the oyster clusters. Although surface area metrics remain
important features of a habitat, and an understanding of surface area and the abundance of
structural components can be informative as indicated by past studies (Warfe et al. 2008,
Hemeon et al. 2020), measures of interstitial space size and availability may be equally, if not
more, important (Pappal et al. 2012, St. Pierre and Kovalenko 2014). The maximum interstitial
space volume and the number of interstitial spaces, had large and significant contributions to the
overall variation in the architecture of natural oyster clusters, suggesting their essential inclusion
into discussions of habitat complexity. While surface area metrics remain important features of a
habitat, this study demonstrates that interstitial space size and abundance add to the architectural
complexity of habitats and should be incorporated into future studies.
Rugosity and fractal dimensions across all clusters remained consistent and low in this
study. For rugosity, values close to 0.01 indicate higher complexity than habitats with values
closer to 1. All six of the oyster clusters in this study had a rugosity of at least 0.6 or higher,
resulting in clusters that are of “low complexity” by the rugosity method standards. The low
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complexity result is reinforced by the fractal dimension results in which the largest value did not
exceed 2. With fractal dimensions, the larger the value, the more complex the habitat structure.
Although these results do not inform on the number nor size of interstitial spaces that may serve
as potential refuge, point of settlements, or foraging areas, other studies have demonstrated that
fractals and rugosity can influence habitat use by some organisms (Commito and Rusignuolo
2000, Alvarez-Filip et al. 2011) and should continue to be examined. For example, in contrast to
results presented in this study, Ferrari et al. (2018) determined that rugosity had a significant
impact of the abundance of different trophic groups of fish in rocky reefs. Reefs with high
rugosity indirectly supported higher abundances of piscivorous fishes as a result of increased
prey densities on reefs while herbivorous fishes were lower in abundance due to reduced grazing
ability on more rugose reefs (Ferrari et al. 2018).
Measures of interstitial space volume and abundance expand the list of metrics describing
habitat complexity and may represent potential refuge availability within a habitat. That
organisms which utilize “holes” to avoid predators has long been recognized (Grabowski and
Powers 2004) and numerous studies report that the size and the amount of spaces may
correspond to the use of reef habitats as refuge for macroinvertebrates and small fishes (Warfe
and Barmuta 2004, Gratwicke and Speight 2005, Toscano and Griffen 2013). Previous studies
have included a volume of material as a measure of complexity (Grabowski et al. 2008,
Humphries et al. 2011), although this may be more related to surface area then volume of
interstitial spaces and refuge potential. The orientation of the reef material at the time of
obtaining the volume may be different from the orientation of reef material once placed in the
experimental setting, changing the spatial arrangement and variation of interstices. Volume of
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reef material may be another measure of surface area such that the shell material displaces or
occupies a specific area of benthic space.
The measures of interstitial space size captured here may inform on the number and size
class (or age class) of organisms a given habitat could support. The oyster clusters with high
abundance of interstitial space but low interstitial space volumes may indicate smaller oyster
shells (structural components) packed more closely together, which may impose limitations on
the size or type of fauna able to utilize each cluster. For example, Figueiredo et al. (2015)
demonstrated that macrophytes of low complexity may provide sufficient refuge for smallerbodied prey. Complex biogenic habitats have been demonstrated to promote species abundance
and richness in marine habitats (Leclerc and Viard 2018). As oysters, or other autogenic
structural components grow, the interstitial space sizes may become larger and the structural
units may become more expansive providing access for larger organisms to utilize the habitat.
Evaluating fauna response to changing interstitial volume as outlined above can be best
accomplished by investigations whereby interstitial space is experimentally manipulated and
faunal response recorded. Given that decapod and bivalve abundances were negatively
associated with increasing ISV in this study suggests that larger interstices may not provide the
ideal habitat due to increased predation risk (Byers et al. 2017). Byers et al. (2017) observed that
the oyster shell matrix of oyster reef mimics provided sufficient refuge for mud crabs in the
presence of blue crabs. However, the effectiveness of the refuge in the oyster mimics was not
extended to blue crabs in the presence of sharks, enabling the mud crabs to foraging freely on
oysters (Byers et al. 2017) suggesting that refuges are a function of predator and prey size.
Further, Eggertsen et al. (2020) demonstrated that life-stage and size dictate habitat selection
preferences and foraging behavior in adult and juvenile parrotfishes. Though refuge function was
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not assessed in this study, the interstices quantified here may serve as a proxy for refuge
abundance and size, and may inform on the intra- and interspecific relationships within
structured habitats.
The present study investigated the association between the abundance of three different
macrofaunal groups and the volume of interstitial spaces within an oyster cluster. No significant
positive relationships between interstitial space and any taxa were observed. However significant
negative associations between decapod abundance and measures of oyster shell abundance and
total interstitial space volume were observed. Total interstitial space volume and mean
interstitial space volume also had significant negative associations with bivalve abundance. The
negative connections do not support the initial prediction of a strong positive effect of ISV on the
abundance of mobile species nor measures of surface area having a strong positive effect on
sessile bivalve species. These results could be due to the limited number of oysters clusters
examined. Likewise, the lack of positive relationships between structural or volume metrics and
macrofauna taxa could be explained by a number of other scenarios. 1) As interstitial space
volume and the number of structural components increase, the abundance of corresponding
decapods and bivalves may decrease to due to settlement preferences. 2) Larger interstitial
spaces may allow greater access to foraging areas by mobile fauna but a decrease in protection of
prey from predators (Hill and Weissburg 2013, Hesterberg et al. 2017). 3) A large number of
structural components may either divide the habitat into smaller spaces making them unsuitable
for prey and reducing refuge potential, or 4) may limit visibility of predator to detect prey by
obscuring refuge spaces (Gonzalez-Rivero et al. 2017).
In conclusion, while surface area metrics remain important features of a habitat, this
study demonstrates that interstitial space size and abundance add to the architectural complexity
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of habitats and should be incorporated into future studies. The use of oyster clusters and 3D
modeling and analyses provide a pathway by which ISV can be assessed. Evaluating the effects
of complexity, primarily the effects of interstitial spaces in reef habitats, may provide insight into
more effective ways of maintaining existing reefs and restoring or rehabilitating damaged reef
systems.
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Table 3.1 Mean (±SD) of the complexity metrics obtained across
all oyster clusters (N=6).
Complexity Metrics
Mean ± SD
Fractal (D)
Oyster Abundance (count)
Rugosity (SR)
Surface Area (cm2)
IS Abundance (count)
Maximum IS Volume (cm3)
Mean IS Volume (cm3)
Total IS Volume (cm3)

1.75 ± 0.11
31.33 ± 11.27
0.71 ± 0.07
614.01 ± 123.09
57.17 ± 14.12
37.91 ± 15.73
6.86 ± 2.60
375.10 ± 137.87

Table 3.2 Pearson correlation coefficients for the quantified complexity metrics. “IS” =
interstitial space and * represents a significant P-value ≤ 0.05.
Complexity
# of
Rugosit Surface
Max. IS Mean IS
Metrics
Fractal
Oysters y
Area
IS Count Volume Volume
# of Oysters
Rugosity
Surface Area
IS Count
Max. IS
Volume
Mean IS
Volume
Total IS
Volume

-0.29
-0.17
0.04
0.17

-0.07
0.36
0.24

-0.16
-0.05

0.28

0.54

0.27

-0.25

0.80*

-0.06

0.27

0.56

-0.02

0.44

-0.55

0.64

0.05

0.85*

-0.08

0.94*

-0.04

0.69
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0.85*

Table 3.3. The measured surface area variables used in the surface area PCA, and the
direction, strength, and significance level of the correlations to PC1 and PC2 axes. Values in
bold indicate higher loadings to the PC axis. * represents a significant P-value < 0.05.
Surface Area Variables
Correlation to PC1 Axis
Correlation to PC2 Axis
Fractal Dimension

-0.44

0.80

Oyster Abundance

0.90*

0.03

Rugosity

-0.02

-0.46

Surface Area

0.58

0.56

33.2%

30.3%

1.33

1.21

% Variance Explained
Eigenvalues

Table 3.4. The measured interstitial space volume variables used in the volume PCA, and the
direction, strength, and significance level of the correlations to PC1 and PC2 axes. Values in
bold indicate higher loadings to the PC axis. * represents a significant P-value < 0.05.
Interstitial Space (IS)
Correlation to PC1 Axis
Correlation to PC2 Axis
Variables
IS Abundance

-0.33

0.93*

Mean ISV

0.94*

-0.30

Maximum ISV

0.80

0.38

Total ISV

0.90*

0.32

% Variance Explained

61.2%

30.1%

2.45

1.20

Eigenvalues
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Table 3.5. The combined complexity variables used in the complexity PCA, and the
direction, strength, and significance level of the correlations to PC1 and PC2 axes. Values
in bold indicate higher loadings to the PC axis. * represents a significant P-value < 0.05.
Complexity Variables
Correlation to PC1 Axis
Correlation to PC2 Axis
Fractal Dimension
Oyster Abundance
Surface Area
Interstitial Space Abundance
Maximum I.S. Volume
Mean I.S. Volume
% Variance Explained
Eigenvalues

0.49
0.39
0.83*
-0.12
0.95*
0.78
43.05%
2.58

-0.59
0.61
0.40
0.90*
0.07
-0.03
29.57%
1.77

Table 3.6 Mean (±SD) percent contribution of each species across all oyster clusters
Group
Species
Mean % Contribution
Bivalve
Brachidontes exustus
12.02 ± 9.44
Crepidula depressa
0.36 ± 0.89
Astyris lunata
3.78 ± 4.26
Gastropod
Eupleura tampanensis
2.21 ± 2.81
Boonea impressa
17.62 ± 27.34
Dsypanopeus texanus
0.36 ± 0.89
Eurypanopeus depressus
45.19 ± 4.32
Decapods
Panopeus spp.
4.59 ± 4.32
Petrolisthes armatus
13.85 ± 7.51
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Table 3.7 Pearson correlation coefficients for the major invertebrate taxa, and select
complexity metrics with PC1 and PC2 from complexity PCA. Complexity not presented in this
table had no significant associations with the taxonomic groups. * represents a significant Pvalue < 0.05.
Invertebrate Taxa

# of
Oysters

Rugosity

Total IS
Volume

Mean IS
Volume

PC1

PC2

Bivalve

-0.70

0.20

-0.81*

-0.86*

-0.68

0.11

Decapods

-0.89*

0.21

-0.91*

-0.59

-0.71

-0.56

Gastropods

0.48

-0.78*

0.57

0.36

0.34

0.35

Table 3.8. The regression coefficients of complexity principal
components on the three major taxonomic groups found within
each oyster cluster (N = 6). F-values based on 2 and 3 df.
Model

PC1

PC2

RSE

R2

F-value

Bivalve

-0.20

-0.03

0.32

0.40

2.63

Decapod

-0.11

-0.09

0.15

0.61

4.95

Gastropod

0.09

0.08

0.39

-0.21

0.57
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Fig. 3.1 The sampling of natural oyster clusters within (A) a 225cm2 quadrat. (B) Examples of
the structural components (oyster shells) and the variety of interstitial spaces within a natural
cluster.

Fig. 3.2 (A) Three axes across which the chain-tape method was used to collect measures of
rugosity on oyster clusters. (B) Oyster cluster with chain capturing the true surface area (TSA).
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Fig. 3.3 Surface topography data collection using the profile gauge for fractal dimension
analysis. (A) The camera and tripod were moved in tandem with the pin array as the array was
moved in 1cm increments along the clusters surface. (B and C) Profile gauge pins responding to
the surface of the oyster cluster.
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Fig.3.4 Constructed 3D surface model of an oyster cluster. Red lines are the designated
boundaries for each interstitial space. The area highlighted in red is an individual interstitial
space which is isolated in (B). (C) The filled interstitial space with the volume of the space
calculated (from Chapter 2).
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Fig.3.5 PCA of surface area metrics. Each numbered point represents an individual oyster and
the blue lines show the magnitude of the variables projected on the principal component axes.

Fig.3.6 PCA of interstitial space metrics. Each numbered point represents an individual oyster
and the blue lines show the magnitude of the variables projected on the principal component
axes.
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Fig.3.7 PCA of the reduced complexity metrics. Each numbered point represents an individual
oyster cluster and the blue lines show the magnitude of the variables projected on the principal
component axes.

66

Fig. 3.8 Observed associations between the major invertebrate taxa abundance found within each
oyster cluster and the (A) total interstitial space volume (cm3), and (B) oyster shell count.
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CHAPTER 4: VARIATION IN INTERSTITIAL SPACES AFFECTS
MACROINVERTEBRATE ABUNDANCE IN A FIELD EXPERIMENT USING
ARTIFICIAL OYSTER HABITATS

4.1

Introduction
Habitat characteristics are of particular interest in ecology as they shape the physical

ecosystem and dictate community composition. It is through the characterization of habitat
features that predictions of habitat preferences (Akers et al. 2013, Jaime-González et al. 2017)
and species interactions (Forrester and Steele 2004, Zellweger et al. 2013) are developed that can
be used to model species distributions (Rivera-Ortíz et al. 2013). Moreover, extensive literature
exists discussing how evaluation of habitat structure may inform on the interactions between
abiotic and biotic factors (Hill et al. 2014, Ciuti et al. 2018) that influence biodiversity and
species richness (Tuanmu and Jetz 2015, Coops et al. 2016), and help develop conservation and
management strategies (Vierling et al. 2008, Akers et al. 2013).
Increasing structural “complexity” has been linked with greater biodiversity and biomass
of fish and invertebrate species (Alvarez-Filip et al. 2011, Cruz Sueiro et al. 2011, Bozec et al.
2013, Dustan et al. 2013), and invertebrate survival (Grabowski 2004, Hill and Weissburg 2013).
Although increasing complexity may support high recruitment of associated invertebrates
initially, biological factors such as predation and competition may nullify any positive effects of
habitat architecture. If so, analogous communities may persist in habitats of both high and low
complexity (Harger and Tustin 1973). Therefore, impacts of structural complexity on faunal
communities may have a strong temporal signature.
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Many past studies have reported recruitment success and survival of foundation and reefassociated species to be enhanced by increases in surface area and/or complexity of hard
structure in shallow marine waters (Shulman 1984, Carleton and Sammarco 1987, Sherman
2002). For fish taxa, refuge abundance and, in particular, refuge size have been indicated as key
habitat components that contribute to increased fish recruitment and survival (Hixon and Beets
1993, Sherman 2002) potentially through predator exclusion (Gratwicke and Speight 2005).
Moreover, researchers have taken advantage of the historic use of artificial reef materials to
explore some of these associations between fish and habitat complexity. Sherman (2002)
demonstrated fish abundance, species richness, and biomass increased when a concrete block
placed inside the central void space of a Reef Ball™ effectively created more refuges of varying
sizes as opposed to a single large refuge space when blocks were absent. Other studies have
pointed out that reef structures containing a variety of refuge sizes supported a greater fish
abundance and species richness than reefs with uniform refuge sizes (Sherman 2002) or no
refuges (Gratwicke and Speight 2005). Variability in refuge size and abundance are thought to
offer protection to species varying in sizes and potentially increase the availability of niche space
(Luckhurst and Luckhurst 1978).
Faunal utilization of complex habitats linked to provision of refugia has been discussed in
oyster reef systems. Refugia for both fish and macrofauna associated with oyster reefs have been
examined. The reduction of predation pressure on oysters in complex oyster habitats has been
shown to be due to modified predator behavior (Grabowski 2004), predator-prey encounter rates
(Grabowski and Powers 2004, Grabowski et al. 2008), and/or predator accessibility (Hill and
Weissburg 2013) linked to characteristics of refugia. Also included in these reports was the idea
that increased complexity might reduce mortality of the reef building organism (oysters) and
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perhaps other macrofauna as the interstices limit predator access (Grabowski et al. 2008). In
previous discussions, no readily available methodology and reliably repeatable methods exist to
quantify the volume of space in interstices to further examine the provision of space as a refuge
as an important attribute of habitat complexity.
In Chapter 1 of this dissertation novel methodology was developed to quantify the size
and abundance of interstitial spaces within an oyster habitat. Chapter 2 of this dissertation
demonstrated that metrics of interstitial space, abundance and size, along with surface area,
explained approximately 73% of the variation in the data measuring the complexity of natural
oyster reef clusters, suggesting that measures of interstices should be included in the description
of oyster reef habitat complexity. Also, in a field test, Hesterberg et al. (2017) found that small
interstices regulated by shell angle increased mud crab survival in oyster reefs compared to that
recorded for larger interstices. Building on this information I report on an additional
experimental study to expand examination of relationships between interstitial spaces of artificial
oyster habitats and the colonizing macroinvertebrates. Specifically, in this chapter (3), artificial
oyster habitats (AOHs) were constructed allowing for investigator design of variation in size of
interstitial spaces while maintaining constant surface area and the number of structural
components (i.e., oyster shells). The manipulative experiment provided a way to tease out
potential relationships between complexity metrics of reef structures and the associated
invertebrate fauna such as those discussed in Chapter 2.
Control of habitat structure was accomplished by the creation of artificial oyster habitats
(AOHs). The AOHs were utilized to determine how variation in interstitial spaces influenced the
response of three numerically dominant taxa on oyster reefs: barnacles, decapods, and oysters.
First, changes in the architectural complexity of AOHs were quantified as abundance of sessile
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species (i.e., barnacles, oysters) colonized artificial habitats and their contribution to habitat
complexity was assessed. In this study, architectural complexity was captured by measuring
surface area and the 3D size (volume) of interstitial spaces. Second, the colonization of sessile
and motile (decapods) invertebrates and their response to different shell spatial arrangements was
examined. It was predicted that AOHs with vertically oriented shells would have higher
colonization by and abundance of barnacles than AOHs with shells oriented horizontally. In
contrast, it was predicted more oysters and decapods would be recovered from AOHs with
horizontally versus vertically oriented shells. As settlement of barnacles and oysters proceed, it
was hypothesized that surface area would increase, and available interstitial space size would
decrease across all AOH treatment types. Lastly, the relationships between measures of
architectural complexity and macroinvertebrate taxa were evaluated. In Chapter 2 it was
observed that fewer decapods were found in natural oyster clusters with large interstitial spaces.
As such, it was hypothesized that small interstitial spaces, specifically horizontal spaces, would
have a positive effect on oyster and decapod abundance, and barnacle abundance would be
highest on AOHs with large interstitial spaces. The present study provides an example of how
interstitial space size (i.e., volume) influences associated macrofauna and is the first
experimental investigation to utilize 3D methodology to capture changes in metrics of habitat
complexity expressed as interstitial space over time.
4.2

Methods

4.2.1 Site description
The study was conducted at a shoreline restoration site installed by Tampa Bay Watch
along the southeastern shore of MacDill Airforce Base, Tampa, FL (27 49.747’N, 82 28.274’W,
Fig. 4.1). The restoration site included saltmarsh plantings, oyster bags, and oyster domes to
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alleviate shoreline erosion. At the time of this study, approximately 6342 oyster domes were
installed at the site within the intertidal zone. Of those domes, the present study utilized 1080
domes across three dome fields (Fig. 4.2) installed in the northern region of the site in 2004 –
2006. Each dome field contained five arrays of at least 40 domes spaced at least 0.5m apart. As
the tidal regime at the site follows a mixed semidiurnal tide, all domes within the study were
fully exposed during low tide events and fully submerged in at least 1m of water during high tide
events. Salinity did not vary between Time 1 and Time 2, (22.1 and 21.9 psu), respectively,
however, temperature ranged from 19°C in Time 1 and 32°C at Time 2.
4.2.2 Artificial Oyster Habitats
In order to test for the changes in architectural complexity and its effects on the
macroinvertebrate fauna, 180 artificial oyster habitats (AOHs) were constructed to reduce
potential morphological variation observed in natural oyster shells. Concrete was utilized in this
study as a material mimic to the domes. Artificial oyster shells (50mm shell height), mimicked
after shells of Crassostrea virginica (Gmelin, 1791), were hand sculpted with modeling clay to
reflect the left valve of an oyster. Duplicate silicon molds were made of the artificial shell for
replicate casting in concrete. Each shell was molded with a 4cm plastic-coated stainless-steel
wire to enable easy attachment to the AOH base. The AOH base mold was constructed by
stacking three 10 x 10 x 0.7 cm ceramic tiles set in a silicon mold. The silicon mold was fitted
with 10 5mm diameter plastic tubing arranged to create holes for the placement of the eight
artificial shells and two anchoring wires. The final AOH base measured 10 x 10 x 2 cm. The
silicon molds provided an effective and reusable method of casting multiple shells totaling 2200
artificial shells and 300 bases.
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The 180 AOHs were each assembled with eight individual oyster shells in one of three
different spatial arrangements: horizontal only shell, vertically only shells, and mixed shell
treatment with four horizontal shells and four vertical shell on a single base (Fig. 4.3a). Forty –
five replicates were constructed for each AOH treatment and a no-shell (base only) control. The
plastic-coated wire of each shell was secured into the premade holes of the base using marine
safe silicone. All AOHs were allowed to cure and set for at least 30d prior to installment on the
dome field. The AOHs were constructed so as to contain the same number of structural elements
(shells) and the same surface area (except the no-shell control) but with varying number and size
of interstitial spaces.
4.2.3 Estimating AOH Complexity
To quantify interstitial space volume and surface area of the initially constructed AOHs,
computed tomography (CT) scans were obtained for five of each treatment type (n=20) to
generate 3D models of the AOHs. Computed tomography scans were completed using the
Toshiba Aquilion TSX-101A scanner, collecting sagittal, coronal, and helical CT scans and
generating approximately 300-500, 1mm slices per cluster. DICOM (Digital Imaging and
Communications in Medicine) image data from CT scans were converted to STL (Stereo
Lithography) using 3DSlicer 4.10.2 (3DSlicer) for integration into the scan-based design
software Geomagic ® Wrap (3D Systems). Once data were in Geomagic® Wrap, the surface
area was obtained for the top surface of the AOH using the Area Calculate function in the
Analysis tool. Sides and the underside of the AOHs were excluded from all digital data
collection as these surfaces did not contain the shell treatment area. Interstitial space volume was
captured utilizing the methodology described in Chapters 1 and 2. Interstitial space volume in
this study was divided into two categories: horizontal space volume and interstitial (i.e., the in
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between) space volume. Horizontal space volume includes the volume under horizontal shells
only. The horizontal shells only contained eight horizontal spaces, the mixed shells treatment had
four, and the vertical shell treatment had zero horizontal spaces. The interstitial space volume is
the volume of the space in between shells, horizontal and/or vertical shells (Fig. 4.3B & D). All
AOHs had one interstitial space; the ranking of interstitial space volume was: horizontal < mixed
< vertical shells treatments.
4.2.4 Field Experiment
A field experiment was conducted to quantify AOH architecture changes as their
deployment increased and the nature of the change in architecture on abundance of focal
macroinvertebrate groups. In addition the colonization of oysters, C. virigincia, barnacles
(Johnson and Soltis 2017) and decapods (Toscano and Griffen 2012, Hill and Weissburg 2013,
Tolley et al. 2013) were the selected faunal groups as they have been widely reported
associations with oyster reefs in North America. The field experiment began in November 2015
by attaching constructed AOHs to selected oyster domes already emplaced adjacent to the
coastline of MacDill Air Force base (Fig. 4.1 and 4.2). The exact placement of AOH on domes
was determined as follows: Each oyster dome was given a number based on its location at the
site. The AOHs were assigned a three-digit number based on their treatment type. Using a
random number generator, AOHs were randomly assigned to an oyster dome and secured to the
top surface of the dome using plastic-coated stainless-steel wire. The AOHs were not placed on
the outermost oyster domes, avoiding the first and fifth arrays and the two domes at the northern
and southern ends of each array.
Every 4 months, AOHs were selected for sampling using a random number generator and
13 AOHs were sampled per treatment type (n=52) for a total of three sampling periods: 4, 8, and
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12 months. For sampling, a 2.5mm mesh net was secured over an AOH to capture any organisms
dislodged during the sampling process. The AOHs and associated invertebrates were placed into
plastic sampling bags and kept on ice for transport. If CT scanning was not possible the day of
sampling, the AOHs were stored in a freezer at 0°C until scanning could be performed. Prior to
processing the AOHs for invertebrate settlement, AOHs were scanned using the CT scanner;
these images could be compared to the pre-deployment scans to capture any architectural
changes for an individual AOH. The AOHs scanned at the Time 1 (4 month) sampling were the
20 AOHs that were scanned initially prior to deployment. At the Time 2 (8 month) sampling,
several artificial shells on multiple AOHs had been lost, ranging from 1 – 8 shells/AOH. The
AOHs that lost all 8 shells were excluded from analyses reducing the horizontal shell treatments
to n = 11, mixed n = 10, and vertical to n = 12. All AOHs were recovered in November 2016,
however, more than 90% of AOHs lost all of their shells and were therefore not included in this
study.
Three-dimensional models were generated from the CT scans as described above and
measures of surface area and horizontal and interstitial space volumes were obtained for the top
portion (shell containing surface) of each collected AOH in Time 1 and Time 2. After AOHs
were scanned, sessile invertebrates were quantified for each shell and base surface, noting in
which space (horizontal/interstitial) each sessile species was found. The AOHs were then rinsed
over a 5mm sieve to collect all mobile invertebrates for quantification and identification to the
lowest possible taxa.
4.2.5 Data Analyses
With the loss of shells on AOHs (Table 4.1), horizontal and interstitial space volumes
were standardized by the number of shells that contributed to that volume. Changes in the
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architectural complexity of the AOHs were analyzed using individual two-way ANOVAs with a
priori contrasts using SAS 9.4 (2016) to test the effects of sampling time (Time 1=4 months;
Time 2 = 8 months) and AOH treatment on measures of complexity. Multiple comparisons were
made via the contrast statements to compare means across AOH treatment types between both
sampling events. The same analyses were repeated to test the effects of sampling time and AOH
treatment on the abundance of total barnacles and total decapods. Abundance of the invertebrate
taxa was determined for the top of the AOH base (or control) and all surfaces of each shell. As
oysters were not present at Time 1 of sampling, a one-way ANOVA with contrast statements was
performed to test the effects of AOH treatment on oyster colonization. All data were log (x +1)
transformed to help satisfy the assumptions of normality and variance heterogeneity.
The effects of treatment type (i.e., shell orientation) and time were assessed utilizing the
ANOVAs, and the specific relationships between measures of complexity and the
macroinvertebrate taxa were further examined with regression analyses. Therefore, separate
generalized linear models (GLM) with either a Poisson or a negative binomial distribution were
used to examine the effects of surface area and interstitial space volumes on the invertebrate
taxa. The number of lost shells was included as a predictor for faunal response in preliminary
GLMs, but did not have a significant effect and was dropped from the final GLMs. Each
response variable (taxa) was tested against both distributions and the resulting models were
compared using the Akaike information criterion corrected (AICc) for sample size scores. The
model with the lowest AICc was selected.
4.3

Results
Artificial oyster habitats were constructed to possess variation in interstitial space size

while maintaining the same surface area and number of artificial oyster shells across all shell
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treatment types prior to deployment. Collection of experimental units from the field and CT
scanning with 3D modeling produced information on the ontogeny of space (total 477 spaces
measured) and surface area in oyster reef mimics. Initial surface area ranged from
approximately 115.77 (± 2.63 SD) cm2 on no shell controls to 473.41 (± 12.98 SD) cm2 on
AOHs with shells (Fig. 4.4). The volume of only horizontal spaces (i.e., under horizontal shells)
(HSV) was approximately 3.24 (± 0.09 SD) cm3 (Fig. 4.5). Initial values of surface area and HSV
were not significantly different across AOH treatments (Fig. 4.4 and 4.5). Volumes of interstitial
spaces (i.e., in between all shell components) (ISV) varied across treatment types based on shell
orientation: horizontal shells only 2.23 (± 0.21 SD) cm3, mixed shells 6.38 (± 0.51 SD) cm3, and
vertical only shells 11.59 (± 0.22 SD) cm3 (Fig. 4.6). Comparisons of the ISV prior to
deployment demonstrated that ISV was significantly different across all AOHs.
Treatment type of AOHs and time had significant effects on all three complexity metrics.
An interaction between time and treatment was significant only for horizontal space size (Table
4.2). No significant difference between the initial surface area and the surface area was detected
at Time 1. At Time 1, four months after AOH deployment, surface area increased by 5% in the
vertical shell treatments (Fig. 4.4). During the same time period horizontal and mixed shell
treatments lost between 0.28% - 0.43% surface area, respectively. Surface area increased
significantly between the initial surface area and Time 2 but surface area was not significantly
different across treatment types (Fig. 4.4). At Time 2, surface area of horizontal, mixed, and
vertical shell treatments increased from the initial surface area by approximately 71%, 60%, and
79%, respectively.
Patterns of change in metrics of interstitial space consistently displayed a reduction of
volume. A slight, but significant decrease in volume, 4.3%, was detected in the horizontal shell
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treatment between the initial HSV and Time 1. The mixed shell treatment decreased from the
initial HSV by 3.3% but was not significantly different from Time 1 (Fig. 4.5). At Time 2 HSV
declined significantly for both horizontal and mixed shell treatments (Fig. 4.5). Horizontal space
volume declined by 28% from the initial HSV on horizontal space treatments and 34% on mixed
shell treatments (Fig. 4.5). Interstitial space volume did not change from the initial ISV to Time
1 across AOH treatment types. However, ISV decreased the most for the mixed shell AOH
treatment between Time 1 and Time 2 (Fig. 4.6). At Time 2 approximately 1% of ISV decreased
on the horizontal and vertical only shell treatments and a 13% decrease in ISV was detected for
mixed shell treatments (Fig. 4.6). Thus, space size declined over time by different magnitudes for
interstitial and horizontal space.
Comparison of faunal abundance on AOH treatments indicated distinctly different
responses by sessile and motile fauna. Two-way ANOVA results indicated significant effects of
AOH type and time for both barnacle and decapod abundance. Three barnacle species: Balanus
amphitrite (Darwin 1854), B. improvisus (Darwin, 1854), and B. eburneus (Gould, 1841) were
observed across all AOH treatments and these species were considered together as total barnacle
abundance. A significant interaction between AOH and time was detected for barnacle
abundance (Table 4.3). At Time 1 barnacles colonized several AOHs and were most abundant on
the mixed and vertical shell treatments (Fig. 4.7). Barnacles significantly increased in abundance
at Time 2 compared to Time 1 but displayed no significant difference in abundance across AOHs
(Fig. 4.7). Decapods, Eurypanopeus depressus (Smith, 1869) and Petrolistes armatus (Gibbes,
1850) were found on all AOH treatments during both Time 1 and Time 2 and are considered
together as total decapod abundance. Artificial oyster habitat and time had significant effects on
decapod abundance (Table 4.3). At Time 1 decapod abundance was higher on all AOH
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treatments with shell regardless of shell orientation than on the controls (Fig. 4.8). Decapods
were more abundant on AOHs with horizontal shells than on the AOH treatments with only
vertical shells. A significant difference in decapod abundance was detected between the mixed
shell treatments and the vertical shell treatments, although neither was significantly different
from the horizontal shell treatment (Fig. 4.8). At Time 2, however, no significant difference in
the abundance of total decapods across all AOHs types was recorded.
Crassostrea virginica was the only oyster species to colonize the AOHs and, unlike the
other sessile focal organism- barnacles, no oysters were observed on the top portion of the AOHs
in Time 1. In Time 2 oysters were found on all AOH treatment types with highest abundance on
the mixed shell treatments. The one-way ANOVA indicated a significant effect of AOH
treatment type on oyster abundance (Table 4.3). Abundance of oysters on the no shell control
was significantly less than that on any of the other AOH treatment types which in turn were not
different from one another (Fig. 4.9).
Regression analyses examined relationships between individual metrics of complexity
(surface area, HSV, and ISV) and the three different faunal groups revealed significant positive
effects of surface area at Time 1 and Time 2, though marginally significant at Time 2 (Table 4.4,
Fig. 4.10). Horizontal space volume (HSV) did not have a significant effect on barnacle
abundance (Table 4.4, Fig. 4.11), however, interstitial space volume had a significant positive
effect on barnacle abundance during Time 1 only (Table 4.4; Fig. 4.12). Complexity metrics had
no significant relationship with decapod abundance in Time 1 (Table 4.4, Fig. 4.13 – 4.15). In
Time 2 both surface area (Fig. 4.13) and interstitial space (Fig. 4.15) volume had a significant,
positive effect on decapod abundance with the positive relationship between decapod abundance
and interstitial volume being marginally significant (Table 4.4). Surface area was the only
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complexity metric that had a significant effect on oyster abundance in Time 2 (Table 4.4; Fig.
4.16A). A positive association between ISV and oyster abundance was recorded, though a
significant relationship was not detected between oyster abundance and ISV or HSV (Table 4.4;
Fig. 4.16 B & C).
4.4

Discussion
Past studies examining the relationship between habitat structure or architecture and

faunal abundance have utilized a variety of techniques ranging from the simple chain-and-tape
method (Gestoso et al. 2013) to more involved processes such as CT scanning (Naumann et al.
2009), laser surface scanning (Reichert et al. 2016), and 3D modeling with video gaming
software (Kamal et al. 2014, Lennon et al. 2021) but none have directly measured interstitial
space volume across the different habitats investigated. Many studies have recognized the
importance of interstitial spaces (Wong 2013, Figueiredo et al. 2015, Scheffel et al. 2017) and
some have utilized a 2D approach to determine the size of interstices (Humphries et al. 2011,
Pappal et al. 2012, Lennon et al. 2021). This study represents a new approach to obtaining
measures of interstitial space in a reef system and through the use of 3D imaging and modeling
not only quantified the number and size (volume) distribution of interstitial spaces but also
demonstrates how these metrics changed as habitat structure was modified by dynamic processes
that added and removed structural elements.
Through the use of 3D technology and a manipulative field experiment, the changes in
habitat complexity with an emphasis on interstices, and associated recruitment of selected
invertebrate taxa as reef architecture was modified were the specific focus of investigation. The
experimental approach utilized enabled the manipulation of interstitial space type and size
(volume) while controlling the initial surface area of artificial oyster habitats. Specifically, 108
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artificial habitats providing a combined total of 477 unique interstitial spaces were assessed for
change in complexity and colonization over an 8 month period. Utilizing these approaches, not
only were changes in habitat complexity detected, but the relationship between the changes in
complexity and the invertebrate fauna was observed. A major finding of this study was that as
habitat complexity or architecture changed over time, the target invertebrate taxa responded to
the interstitial space volume as well as surface area of habitat.
4.4.1 Relationships between Faunal Abundance and Habitat complexity of Oyster reefs
Of the two sessile taxa observed in this study, three species of Balanus were the first to
colonize the experimental units, AOHs, in response to the effects of both shell orientation and
time. The recruitment of sessile species may be dependent upon a variety of abiotic and biotic
factors including, but not limited to water quality (Plass-Johnson et al. 2015), available substrate
(Ceccarelli et al. 2020), larval supply (Toledo et al. 2020) and the presence of predator cues
(Kimbro et al. 2020). Toledo et al. (2020) found that Balanus spp. were the primary successor on
subtidal artificial reefs off the coast of Biobío, Chile. Within 3 months, barnacles covered
approximately 56% of the reef area, though after 8 months barnacle cover decreased to 11%
(Toledo et al. 2020). In the study here, barnacle abundance was 150 – 350 % higher in the mixed
shell and vertical shell treatments, respectively, compared to horizontal only shell AOHs at Time
1. Barnacles have been demonstrated to prefer the vertical orientation of structures and Soniat et
al. (2004) found that water flow in between two shells, horizontally or vertically oriented, was
much slower than the flow over or around outer shell surfaces. Bushek (1988) found that areas of
high-water motion were favored by barnacles, although Soniat et al. (2004) found that water flow
above horizontal shells was markedly increased potentially making settlement on the surface
difficult. In contrast, Johnson and Soltis (2017) demonstrated that barnacle recruitment was high
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on oyster shells in both vertical and horizontal orientations, though horizontal shells with the
smooth concave surface oriented in a downward position enhanced recruitment compared to
horizontal shells with the smooth concave surface facing upward. Thus recruitment of barnacles
onto shell surfaces is influenced by a variety of structural and hydrodynamic features of reef
habitats. Our results suggest that the vertical orientation of shells may have provided a preferable
settlement surface and water flow conditions for the barnacle settlement, although barnacle
abundance on horizontal only shell AOHs quickly achieved abundances observed on mixed and
vertical shell treatments.
In addition to shell orientation and time, detection of relationships between sessile
species abundance and habitat complexity varied depending upon the type of metric used to
quantify habitat complexity. Though surface area was not different between AOH treatment
types at Time 1 and Time 2, a positive relationship was observed between surface area and
sessile taxa abundance at both times. Although an effect of HSV on fauna was not detected,
larger horizontal spaces contained fewer barnacles in both horizontal and mixed shell treatments.
In contrast, an opposite trend was noted for the relationship between interstitial space volume
(ISV) and barnacle abundance; as ISV increased, barnacle abundance increased as well. Overall,
the vertical shell only treatments supported the highest barnacle abundance, aligned with the
prediction that barnacle abundance would be greater on AOHs with vertical shells. The
difference in barnacle response to ISV versus HSV may be related to the orientation of the shells.
While barnacles are able to settle on horizontal shells, barnacles may prefer the vertical
orientation of shells which determines the size of the interstitial space. Additionally, oyster
abundance was similar across all AOH treatment types, although trending higher on AOHs with
horizontal shells. The hypothesis that AOHs with horizontal shells would have higher oyster
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colonization was not supported because no significant difference in oyster abundance was
detected among treatments.
Unlike the response of barnacles to different treatments of habitat complexity, oyster
abundance was not markedly different across AOH treatment types. Oyster settlement and
survival, like that of barnacles, have been linked to features of shell orientation and water flow
(Soniat et al. 2004) but this was not evident in my findings. Although oyster abundance was
slightly higher on mixed shell treatments, the hypothesis of greater oyster abundance on AOHs
with horizontal shells was not supported as there was no significant difference between treatment
types. A trend of increasing oyster abundance as horizontal space volume decreased was
observed in this study. When HSV was less than 2cm3, oyster abundance began to decline. As
oysters settled in the spaces under the horizontal shells and oysters increased in size, horizontal
spaces volume was reduced by the occupying oyster. In contrast, AOHs with ISV of 2 cm3 or
slightly less, supported relatively high oyster abundances. Interestingly the ISV of horizontal
shell treatments was approximately the same volume as the individual horizontal spaces (see Fig.
4.3), which suggests that the volume of space per se may not be as critical as the arrangement of
structures creating that space. Spaces created under horizontal shells are less exposed and may
provide more protection from predators than those spaces in between shells, thus offering more
refuge in early settlement. However, a trade-off here was that horizontal spaces may limit the
delivery of food particles as water flow is diminished (Shulman 1984, Lenihan 1999, Smith et al.
2014), and in some cases, may restrict growth if an oyster recruit cannot grow beyond or around
the initial horizontal shell. This remains a topic that merits more detailed investigation.
Decapods displayed an increasing abundance with increasing surface area and this type of
relationship has been recorded in other studies as well (Grabowski et al. 2008). Here, the size of
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interstitial spaces also influenced decapod abundance. More decapods were found on the two
AOHs treatment types with some horizontal shells present than on AOHs with vertical shells at
Time 1. Although a significant relationship was not detected between HSV and decapod
abundance, a trend of increasing decapod abundance was observed with decreasing HSV at Time
2 (Fig. 4.11B). This relationship might be related to the size distribution of decapods at the
different sampling times. At Time 1, decapods were more abundant, approximately 28 – 51%,
and larger in carapace width in collections from horizontal and mixed shell treatments than in
vertical only shells. Specifically, decapod CW size ranged from 2.96 – 18.89 mm, with the
largest decapod found on a horizontal shell AOH. Approximately 50% fewer decapods were
collected from AOHs with only vertical shells. These results provide some evidence that
decapods may respond to the size of available spaces and shell orientation, preferring the
protection of horizontal spaces to spaces composed of vertical shells. Similarly, Hesterberg et al.
(2017) found that as the angle of shell orientation increased from horizontal 0° to 45°,
survivorship of the crab, Eurypanopeus depressus, decreased significantly due to predation by
the blue crab, Callinectes sapidus. In the study reported here no efforts were made to capture
predators during field sampling but C. sapidus and other fish predators, such as Archosargus
probatocephalus, were observed on and around the oyster domes of the field site and could have
influenced crab utilization of refugia provide by shells (Byers et al. 2017).
In contrast to the patterns of abundance of decapods observed on AOHs in Time 1, at
Time 2 the decapods found on horizontal and vertical shell AOHs had a smaller CW size range
(1.31 – 15.81mm). As ISV size increased in Time 2 compared to Time 1, an increase in decapod
abundance was noted across all AOHs. Decapods shared a similar trend with barnacles and
oysters in response to HSV in Time 2; as HSV decreased below 2cm3, decapod abundance
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decreased. The relationship between HSV and decapod abundance was not significant, thus the
hypothesis of greater decapod abundance on AOHs with horizontal shells was not supported for
Time 2. Though HSVs ranged from 1.52 – 3.66cm3, which was considerably smaller than the
spaces provided by shells in Hesterberg et al. (2017), decapods of all sizes found were under
horizontal shells often without the presence of barnacles in those spaces (Fig. 4.18). Variation in
refuge (interstitial space) sizes may accommodate some invertebrates, but not all (Luckhurst and
Luckhurst 1978, Sherman 2002, Gratwicke and Speight 2005).
4.4.2 Development of oyster reef architecture
The use of 3D approaches provided new insight into how the habitat structure changes
over time. The colonization of barnacles and the arrival of oysters increased surface area of the
AOHs by at least 60% within an 8 month period. The hypothesis that the recruitment of sessile
invertebrates would increase surface area and decrease interstitial space volume across AOHs
was supported, although shell orientation (horizontal versus vertical) appeared to have no effect
on the changes in surface area across AOHs over time. The increase of surface area and increase
in sessile species abundance over time was anticipated as previous studies have demonstrated
that habitats with greater surface area have higher abundances of sessile species (Lenihan 1999,
Grabowski and Powers 2004, Schulte et al. 2009). Rodriguez et al. (2014), for example,
demonstrated that surface area of constructed intertidal oyster reefs in North Carolina increased
by ~38% yr-1 through the growth and colonization of oysters and additional sessile species. After
only 8 months, the increase in surface area of the AOHs in the study here was approximately 2X
of that observed by Rodriquez et al. (2014). It should be noted the considerable difference in
spatial scale as the initial AOH surface area (0.05m2) was markedly smaller than the surface area
of the initial constructed reef surface area (17.4m2) in Rodriguez et al. (2014). After 8 months of
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colonization, surface area increased though it remained relatively consistent across AOH
treatment types suggesting that initial shell orientation did not dictate changes in surface area.
Information collected from sequential analyses of AOH treatments over time revealed
that space type (horizontal vs interstitial) and size (volume) were dictated by the orientation of
the shell components and the number of those shells. Over an 8 month period, a significant
changes in not only surface area, but horizontal and interstitial space volumes were detected.
Horizontal space volume (HSV) was determined by the presence of horizontal shells and
decreased in size over time with the colonization and growth of sessile invertebrates. In natural
reefs it is expected that the growth of oysters within similar spaces would continue to grow and
provide additional space formation over time. The timescale of this study was too short to follow
the creation of new spaces as most oysters found on the AOHs were between 5 – 15mm in shell
height, not quite large enough to create additional spaces. However, multiple oysters within this
size range are capable of filling in spaces, thus reducing the volume of horizontal spaces (Fig.
4.17). Bracewell et al. (2018) documented similar space-filling colonization on settlement plates
of varying surface areas and surface types based on the arrangement of microhabitats. Within 3
months, spaces were less available as the growth of fouling species developed into additional
habitat (Bracewell et al. 2018) . Further, La Peyre et al. (2013) found that oysters of 25 – 50mm
in shell height grew from 1.2 – 7.9 mm mo-1 but that growth rate was dependent on location,
salinity, season, and initial oyster size. In the present study, oysters between 20 – 35mm were
present but of low abundance on all AOH shell treatment types. Oysters within this size range
were capable of filling horizontal spaces (Fig. 4.16c), contributed to increased surface area, and
could have generated additional interstitial spaces provided the opportunity for undisturbed
growth, particularly if the growth rates were similar to those observed by La Peyre et al. (2013).
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Changes in ISV were observed across all AOH treatment types, though not as
pronounced as the loss in available horizontal space volume. The changes in ISV across
treatments varied as a result of barnacle and oyster colonization, and the loss of artificial shell
material from the AOHs. As shells are lost, the ISV increased. The colonization of barnacles and
oysters offset this loss of shells by providing sufficient additional structure to not only maintain
relatively consistent ISV within the vertical shell treatment type, but also increase surface area
evenly across all AOH treatments. Loss of shell material is not uncommon in oyster reefs and
has been attributed to subsidence, fragmentation, and anthropogenic disturbances (Powell et al.
2006). Casas et al. (2015) demonstrated that as long as oyster growth and recruitment exceed the
loss of shell oyster reefs may remain viable. Despite AOHs losing approximately 29% of shell
material across all treatment types in Time 2, minimal ISV was lost and surface area continued to
increase.
4.4.3 3D approaches to quantify habitat complexity
The use of 3D approaches as described here provided new insight into the relationship
between habitat complexity and the associated invertebrate fauna. As observed in Chapter 2,
surface area remains an important aspect of habitat complexity and the present study provides
additional support for the inclusion of interstitial space volume into the considered metrics of
complexity. Measuring interstitial spaces, both size and abundance, may provide a more
comprehensive view of the complexity threshold suggested by Coull and Wells (1983) as it may
offer a more complete assessment of potential refuge of a structure. The presence of a
complexity threshold- the level of complexity that reduces predator success within the same
structure- has been proposed to determine the value of refuge space (Coull and Wells 1983). A
threshold may exist at different predator/prey densities or among different structures of different
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shapes, but covering the same area (Coull and Wells 1983). Smith et al. (2014) demonstrate that
complexity may decrease overtime suggesting the effects of complexity remain constant beyond
a specific threshold and that species survival, diversity, or richness could decrease (Cruz Sueiro
et al. 2011, Kovalenko et al. 2012, Carroll et al. 2015). Complexity thresholds have been
suggested in a variety of systems (Coull and Wells 1983, McCoy and Bell 1991, Sherman et al.
2002, Carroll et al. 2014, Smith et al. 2014), but have not been measured possibly due to the
limitations of the previous methods of quantifying complexity.
The methodology used in this study offers an opportunity to improve and expand the
quantification of changes in habitat architecture over time. The 8 month study yielded substantial
changes not only in interstitial space size but in surface area as well. Another benefit of this
methodology was that data collection had the potential to be non-destructive. Once 3D imaging
was complete, the AOHs could be returned to the field site without affecting the architecture or
the sessile inhabitants, allowing for recruitment and growth of additional sessile organisms to
proceed. The ability to quantify interstitial size and abundance by using 3D methodology
provided a detailed overview on the modification of artificial habitat features by the colonization
of sessile species. An understanding of spaces within a reef habitat might provide another
perspective to the interpretation of trophic interactions and predator-prey systems (see
Grabowski 2004, Grabowski and Powers 2004), and manipulations of interstices could yield
further information on the importance of interstitial spaces as potential refugia for the associated
fauna. Additional experiments investigating interstitial space size preference by decapods, and
how those preferences influence the survival of oysters and barnacles would be necessary to
tease apart the observations made here.
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These findings highlight the importance of the interstitial spaces formed by varying
structure components, and the response of the dominant invertebrate taxa to these spaces within
an oyster reef system. Specifically, this the first study to document the change in interstitial
space volume through the colonization of sessile species. Further, the effects of the changing
interstitial space volume and surface area on the recruitment of barnacles, oysters, and decapods
were discussed. Previous studies highlight the importance of increasing surface area in reef
systems (e.g., Lenihan 1999, Schulte et al. 2009), but the findings here demonstrated that
interstitial space type and size had important roles in the recruitment of oysters and decapods. In
addition, a feedback loop between the colonization of surface area and sessile recruits was
suggested. The approach to the study of habitat structure offered here should be suitable for use
in a variety of marine and terrestrial environments, although the habitat features should be scaled
appropriately to the scope of the research question and/or to the target organism of the study
(McCoy and Bell 1991, Bell et al. 2003). Furthermore, this study provided evidence that the
interstitial spaces are a necessary feature of hard-bottom habitats. These 3D features not only
influence the recruitment of species, but provide refugia that may be essential in regulating
interspecific interactions within the habitat. Along with surface area, interstitial spaces should be
provided in the design of artificial habitats scaled to the appropriate reef builder to encourage
colonization.
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Table 4.1 Mean (± SD) number of artificial shells remaining on
AOHs at each sampling time. Initial (t0) shell count = 8
shells/AOH.
Time 1 (t1)
Treatment

n

Mean ± SD

Horizontal
Mixed
Vertical

17 7.5 ± 1.3
18 7.5 ± 0.8
18 7.9 ± 0.2

Time 2 (t2)
n

Mean ± SD

11 6.0 ± 2.0
10 5.6 ± 2.1
12 5.5 ± 2.0

Table 4.2 Two-way ANOVA results for the effect of AOH treatment type and time on the
measure of habitat complexity. Significant effects (P< 0.05) of treatment, time, or their
interaction are indicated by the asterisk.

df
MS
F

AOH Treatment
3
1.86
85.35*

Time
2
0.73
32.84*

Interaction: AOH
Treatment x Time
6
0.12
0.73

Horizontal Space Volume

df
MS
F

3
2.1
2410.51*

2
0.04
41.84*

6
0.01
14.69*

120
0.0005

Interstitial Space Volume

df
MS
F

3
5.73
1203.75*

2
0.023
4.79*

6
0.006
1.23

120
0.005

Measured Variable
Surface Area
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Residuals
120
0.01

Table 4.3 ANOVA results for the effects of AOH treatment type and time on barnacle and
decapod abundance. The one-way ANOVA results on oysters are also presented below.
Significant effects (P< 0.05) of treatment, time, or their interaction are indicated by the
asterisk.
AOH Treatment

Time

Interaction: AOH
Treatment x Time

df
MS
F

3
2.56
9.48*

1
51.86
191.85*

3
1.17
4.31*

104
0.27

Decapod

df
MS
F

3
2.38
44.14*

1
2.93
54.34*

3
0.08
1.43

104
0.05

Oyster

df
MS
F

3
226.04
35.62*

----

----

39
6.35

Measured Variable
Barnacle

Residuals

Table 4.4 Regression results for the effects of three complexity metrics on the three dominant
invertebrate taxa. “IS” = interstitial space and “HS” = horizontal space. Significant effects of
treatment, time, or their interaction are indicated by the asterisk (*P < 0.05). AICc was used
for model selection.
Time 1
Barnacles
Decapods

df
31
31

Surface Area
0.02*
0

IS Volume
0.56*
0

HS Volume
-4.90
0.48

R2
0.25
0.02

AICc
289.4
152.1

Time 2
Barnacles
Decapods
Oysters

df
17
17
17

Surface Area
0.0005*
0.0009*
0.0007*

IS Volume
0.05
0.06*
0.04

HS Volume
-4.90
-0.12
-0.17

R2
0.17
0.40
0.39

AICc
275.7
134.3
225.4
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Fig. 4.1. Study site indicated by yellow bounding box in Hillsborough Bay, FL, USA. Map made
in ArcGIS Pro by Benjamin Mittler.
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Fig. 4.2 An example of one dome field consisting of 200 oyster domes (Photo: E.
Salewski, Dec. 2013).
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Fig. 4.3 The shell orientation for each AOH type (columns). Gray areas indicate the horizontal
and interstitial spaces that were measured. (A) Side view of each AOH and with the spaces filled
in (B). (B) Only horizontal and mixed shell treatments possess horizontal spaces, while all three
treatment types contain a single interstitial space. (C & D) Overhead views looking down into
the AOHs and with the spaces filled in (D). (E) The number of shells, horizontal spaces, and
interstitial spaces within each treatment group. Controls not represented here.
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Fig. 4.4 Surface area (cm2) across treatment types and sampling times. Significant differences
across treatment types between times are indicated by unique characters, each representing a
significance level of P< 0.05.
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Fig. 4.5 Horizontal space volume (cm3) across treatment types and sampling times. Control and
vertical shell only treatments are represented but did not contain horizontal spaces at any time.
Significant differences across treatment types between times are indicated by unique characters,
each representing a significance level of P< 0.05.
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Fig. 4.6 Interstitial space volume (cm3) across treatment types and sampling times. Significant
differences across treatment types between times are indicated by unique characters, each
representing a significance level of P< 0.05.
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Fig. 4.7 Barnacle abundance per AOH for each sampling time. Significant differences across
treatment types between times are indicated by unique characters, each representing a
significance level of P< 0.05.
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Fig. 4.8 Decapod abundance per AOH for each sampling time. Significant differences across
treatment types between times are indicated by unique characters, each representing a
significance level of P< 0.05
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Fig. 4.9 Oyster abundance per AOH for each sampling time. Significant differences across
treatment types between times are indicated by unique characters, each representing a
significance level of P< 0.05
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Fig. 4.10 The association between barnacle abundance/AOH for each treatment type and surface
area at (A) Time 1 (t1) (A) and (B) Time 2 (t2).
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Fig. 4.11 The association between barnacle abundance/AOH for each treatment type and
horizontal space volume/# shells at (A) Time 1 (t1) (A) and (B) Time 2 (t2).
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Fig. 4.12 The association between barnacle abundance/AOH for each treatment type and
interstitial space volume/# shells at (A) Time 1 (t1) (A) and (B) Time 2 (t2).
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Fig. 4.13 The association between decapod abundance/AOH for each treatment type and surface
area at (A) Time 1 (t1) (A) and (B) Time 2 (t2).
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Fig. 4.14 The association between decapod abundance/AOH for each treatment type and
horizontal space volume/# shells at (A) Time 1 (t1) (A) and (B) Time 2 (t2).
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Fig. 4.15 The association between decapod abundance/AOH for each treatment type and
interstitial space volume/# shells at (A) Time 1 (t1) (A) and (B) Time 2 (t2).
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Fig. 4.16 The association between oyster abundance/AOH for each treatment type and (A)
surface area, (B) horizontal space volume/# shells, and (C) interstitial space volume/# shells at
Time 2 (t2).
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Fig. 4.17 Examples of horizontal space filling by (A and B) numerous barnacles and oysters and
(C) a single large oyster. Scale bar is in cm.

Fig. 4.18 Three Eurypanopeus depressus found within a horizontal space at Time 2 (t2). Scale
bar is in cm.
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